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PEROGNATHUS AS AN EXPERIMENTAL ORGANISM FOR SPACE RESEARCH 

SUMMARY 

This  c o n t r a c t  was under taken  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  and 

p r a c t i c a l i t y  of u s i n g  pocket mice a s  s u b j e c t s  f o r  b i o l o g i c a l  experiments 

i n  space ;  and t o  i d e n t i f y  s p e c i f i c  experiments i n  which t h e i r  p a r t i c u l a r  

p h y s i o l o g i c a l  a t t r i b u t e s  could be used t o  s tudy  b i o l o g i c a l  phenomenon. 

S u f f i c i e n t  b a s e l i n e  d a t a  on hematology, c y t o g e n e t i c s ,  c i r c a d i a n  per iod-  

i c i t y ,  r a d i a t i o n  response ,  thermoregula t ion  and breeding  have been obta ined  

t o  war ran t  t h e  u s e  of pocket mice i n  many experiments i n  which convent iona l  

mice, r a t s  o r  hamsters a r e  prepared  t o  s tudy  t h e  e f f e c t  of space  r e s idence  

on mammals. The pocket mouse has t h e  added advantage of smal l  body s i z e  

and low l i f e  suppor t  requi rements  promulgated e a r l y  i n  t h e s e  i n v e s t i g a t i o n s .  

Under t h i s  c o n t r a c t ,  s u f f i c i e n t  p h y s i o l o g i c a l  d a t a  were obta ined  

t o  e f f e c t  t h e  des ign  and p ro to typ ing  of experiment hardware f o r  s tudy ing  

t h e  e f f e c t  of o r b i t a l  f l i g h t  on c i r c a d i a n  p e r i o d i c i t y .  

hardware was developed under c o n t r a c t  NASr-1191, and t h e  p ro to type  equip- 

ment was used a s  a l a b o r a t o r y  t o o l  t o  s tudy  c i r c a d i a n  p e r i o d i c i t y  under 

a p o r t i o n  of NASw-812. Those s t u d i e s  c l e a r l y  showed t h a t  t h e  experiment 

hardware c o n f i g u r a t i o n  d i d  n o t  pe r tu rb  t h e  b i o l o g i c a l  parameters  being 

measured. 

The p ro to type  

The major p o r t i o n  of t h e  con t r ac t ed  e f f o r t  dur ing  1966 w a s  s p e n t  

on examining P e r o m a t h u s  a s  a c l a s s i c a l  h i b e r n a t o r  and s t u d i e s  on hypo- 

thermia  and the rmoregu la t ion  were i n i t i a t e d .  While some of  t h e  s t u d i e s  

have been  completed, Perognathus appears t o  d i s p l a y  a seasona l  response  

which i s  i n  t h e  p rocess  of s tudy .  Also i n  p rogres s  a r e  a s e r i e s  of com- 

p a r a t i v e  s t u d i e s  of c i r c a d i a n  p e r i o d i c i t y  w i t h i n  t h e  f ami ly  Heteromyidae 

which w i l l  b e  r e p o r t e d  a t  a l a t e r  time. 

The fo l lowing  pages provide  a more d e t a i l e d  account of accomplish- 

ments unde r  c o n t r a c t  NASw-812; Sec t ion  I i s  t h e  manuscr ip t  of a paper 

on the rmoregu la t ion  r e c e n t l y  accepted  f o r  p u b l i c a t i o n .  S e c t i o n  11, i s  

a summary of l a b o r a t o r y  work d i r e c t l y  p e r t i n e n t  t o  t h e  c o n s i d e r a t i o n  of 

Pocket Mice a s  c l a s s i c a l  h i b e r n a t o r s .  S e c t i o n  I11 i s  a t a b u l a t i o n  of 

p u b l i c a t i o n s  i n  t h e  open l i t e r a t u r e  r e s u l t i n g  from r e s e a r c h  suppor ted  i n  

p a r t  o r  i n  whole by NASw-812. 
ii 
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SECTION I 

"Temperature Regulation in the Little Pocket Mouse, 

Perognathus longimembris" 

MANUSCRIPT OF A PAPER ACCEPTED FOR PUBLICATION 

IN THE JOURNAL OF COMPARATIVE BIOCHEMISTRY 

AND PHYSIOLOGY 



Temperature Regulat ion i n  t h e  L i t t l e  Pocket Mouse, 

Perogna thus  long imemb ris  

Robert  M, Chew, Robert G.  Lindberg and Page Hayden 

Northrop Space Labora to r i e s ,  Hawthorne, C a l i f .  

and Un ive r s i ty  of  Southern C a l i f o r n i a ,  Los Angeles 

This  work has  been suppor ted  by NASA Cont rac ts  NASr-91 and NASw-812 

t o  Northrop Space Labora to r i e s ,  Hawthome, C a l i f o r n i a .  P a r t  of t h e  

work w a s  done i n  t h e  r e s e a r c h  l abora to ry  of t h e  s e n i o r  a u t h o r  a t  t h e  

U n i v e r s i t y  of  Southern C a l i f o r n i a ,  Dept.  of B i o l o g i c a l  Sc iences ,  Los 

Angeles. 
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Ab s t ra c t : 

(1) Abdominal, colonic and subcutaneous body temperatures (TB) were 

measured in mice exposed to various ambient temperatures (TA). 

conductance, physical insulation, and metabolic rate were measured in 

normothermic, torpid and dead animals. 

Thermal 

(2) E .  lonpimembris showed good thermoregulation when not torpid. 
A variation of 1-4.5' in colonic temperature did not vary significantly 

over 

sistance to change in TB when exposed to cold, heat and continuously 

changing TA. 

the range of TA 2-34' C. Mice acclimatized to 22-24' C showed re- 

( 3 )  The core-to-subcutaneous temperature gradient varied with TA 

in a definite pattern that suggests four zones of regulation. 

a high correlation of body temperature with metabolic rate. 

There was 

(4) - P. longimembris simulated a following of Newton's law of cooling 

when metabolizing at a minimum maintenance level, i.e. conductance was 

constant at ambient temperatures below 33' C. 

conductance which decreased with TA. 

Active mice had a variable 

(5) Mice entering and arousing from torpor go through several phases 

of temperature change. During cooling conductance was greater than, and 

during warming, less than in normothermic mice in a minimum maintenance 

state. 

( 6 )  Resting metabolism was 0.53 and conductance was 0.78 of certain 

mamalian standards, which is consistent with a T reduced below 37' C. B 

p 
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INTRODUCTION 

The l i t t l e  pocket mouse i s  a p a r t i c u l a r l y  i n t e r e s t i n g  s u b j e c t  

f o r  s tudy  o f  temperature  r e g u l a t i o n  because of i t s  small a d u l t  s i z e  

(8 -11  g )  and i t s  f a c i l i t y  f o r  d a i l y  torpor .  

Because of  t h e  r e l a t i o n s h i p  between h e a t  f l u x  and body s i ze  i n  

homeotherms, one  expec t s  an  i n c r e a s e  i n  l a b i l i t y  of  body tempera ture  (T 

with d e c r e a s e  i n  body s i z e  i n  roden t s ,  Th i s  has  been shown f o r  t h e  

pygmy mouse, Baiomys t a y l o r i  (6-9 g >  (Hudson, 19651, t h e  h a r v e s t  mouse, 

Micromys minutus (5-9 g )  (Smirnov, 19571, and s e v e r a l  s p e c i e s  o f  d e e r  

mice, Peromyscus spp. (16-22 g )  (Morrison and Ryser, 1959; MacMillen, 

1965).  

B 

A s  i n  t h e  pygmy mouse, t h e  d i u r n a l  f l u c t u a t i o n  of body tempera ture  

i n  a small mouse f r e q u e n t l y  comes t o  the  p o i n t  of  t o r p o r  (Hudson, 1965).  

A s  shown by Bartholomew and Cade (1957) and Chew e t  al .  (19651, E. longi -  

membris i s  e a s i l y  induced t o  become t o r p i d  by l i m i t i n g  i t s  food supply 

o r  s u b j e c t i n g  i t  t o  ambient temperatures  below 20 C. E. longimembris 

has  a greater f a c i l i t y  f o r  t o r p o r  than most t h e  small rodents  t ha t  have 

been s t u d i e d ;  i t  can a r o u s e  spontaneously from T 

m o r t a l i t y  i f  i t s  energy r e s e r v e s  have no t  been s e r i o u s l y  reduced, and 

most i n d i v i d u a l s  can a rouse  from a T of 5 C. E. t a y l o r i  h a s  a n  a r o u s a l  

t h r e s h o l d  o f  TB - 17 C (Hudson, 1965) ,  and t h e  C a l i f o r n i a  pocket  mouse, 

P. c a l i f o r n i c u s  (22  g )  has  a threshold  o f  T = 1 5 O C  (Tucker,  1965a) .  

7-16 g b i r c h  mouse, S i c i s t a  b e t u l i n a ,  of the a rc t i c ,  can a rouse  from 

TB = 4 C (Johansen and Krog, 1959).  

0 

a t  10°C,  wi thout  
B 

0 

B 
0 

The 
B - 

0 

The p r e s e n t  s tudy  was made co inc iden t  wi th  a comparison o f  t h e  

metabolic rates of  e i g h t  s p e c i e s  of Perognathus (Chew e t  a l . ,  1963).  

Temperature  r e g u l a t i o n  was s t u d i e d  i n  d e t a i l  o n l y  f o r  E. longimembris; 
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I 

a f e w  o b s e r v a t i o n s  were made on s e v e r a l  o t h e r  s p e c i e s .  This  work com- 

plements t h a t  of  Bartholomew and Cade (1957) on E. longimembris and of 

Tucker (1965a, 1965b) on t h e  l a r g e r  - P. c a l i f o r n i c u s  (22 g ) .  

MATERIALS AND METHODS 

Animals 

Live specimens o f  E .  longimembris were c o l l e c t e d  a t  Whitewater 

Canyon and Pearblossom, C a l i f o r n i a ;  p, a l t i c o l a  from Palmdale,  C a l i f o r n i a .  

- P. forrnosus from Lathrop Wells, Nevada; and E .  c a l i f o r n i c u s  from Coalinga, 

C a l i f o r n i a .  

of  sand o r  g r a n u l a t e d  absorbent  c l ay .  

o a t s  and sunflower seed was provided i n  s u r p l u s ;  small amounts o f  v e g e t a b l e  

greens  were given o c c a s i o n a l l y .  

55% r e l a t i v e  humidi ty ,  and at  a photoperiod from 0600 t o  1800 HR PST. 

Mice were k e p t  i n d i v i d u a l l y  i n  g a l l o n  jars, wi th  a s u b s t r a t e  

A m i x t u r e  o f  parakee t  s eed ,  r o l l e d  

The animal room w a s  k e p t  a t  20-24OC, 45- 

3 
Body temperatures  were measured wi th  bead t h e r m i s t o r s  (- 0.6 mm 1 

implanted subcutaneously i n  t h e  middorsal r e g i o n  and i n s e r t e d  2 c m  i n t o  

t h e  co lon ,  and by small telemeters (17 x 9 x 5 mm; - 600 mm ) i n s e r t e d  i n  

t h e  abdominal c a v i t y .  The l e a d s  o f  t h e  c o l o n i c  t h e r m i s t o r  were taped t o  

t h e  t a i l  and p r o t e c t e d  by a l i g h t  metal s p r i n g ;  t h e  l e a d s  from t h e  sub- 

cutaneous t h e r m i s t o r  were passed through a p l a s t i c  d i s c  sewn t o  t h e  s k i n  

of t h e  neck. 

3 

The telemeters are o f  8 blocking o s c i l l a t o r  t ype ,  developed a t  

Northrop Space Labora tor ies .  They have a u s e f u l  l i f e  o f  approximately 

6 months. The p u l s e  carr ier  c e n t e r  frequency i s  about  5 megacycles wi th  

a tempera ture  dependent r e p e t i t i o n  rate o f  150/sec t o  500/sec. Tempera- 

t u r e  r e s o l u t i o n  i s  to 0 . l o C ,  wi th  a s h i f t  o f  about  0.5 0 i n  s i x  months. 
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During temperature measurements animals were confined in 1000-ml 

tall-form beakers submerged in a water bath, or in 20 x 7.5 cm plastic 

containers in a constant temperature incubator. Mice were provided sand 

substrate and food as in their storage jars. 

One group of ten mice with implanted thermistors was exposed to 

constant ambient temperatures for periods of 24-48 hr. In some cases 

oxygen consumption and temperature were recorded simultaneously, and 

several mice went through one or more periods of torpor during the re- 

cording period. Another six mice with implanted thermistors were subjected 

to continuously changing ambient temperatures. Temperature was reduced 

from about 27' to 2' C over a period of 4-6 hr, or was increased from 

about 16O to 38' C over a period of 3.5-6 hr. 

Six mice with implanted telemeters were exposed to each of nine 

Beginning with 2' C, mice ambient temperatures in the range 2-39' C. 

were exposed two hours at each temperature: 2, 7, 12, 17, 22, 27, 32 and 

37' C. There was a 20-30 min transition period between different temper- 

atures, except there was an overnight return to room temperature between 

exposures to ambient temperatures of 12' and 17'. 

mice were exposed 1 hr to 39' C. 

After exposure to 37', 

Metabolic rate 

Oxygen consumption was measured by use of a Beckman paramagnetic 

oxygen analyzer, or a manometric respirometer (Chew et al., 1965). Oxygen 

consumption was continuously recorded with the Beckman analyzer, while the 

respirometer recorded the time for consumption of successive units of 
N 20 ml 02. In measurements with the respirometer, the mice were alternately 

measured one day at an experimental TA and rested one day at room temperature, 
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Fig. 1 

Fig. 2 

Table 1 

until the range of 5O, 15", 25' and 35O C was completed. During measurement 

periods mice were confined in 100-ml beakers with food and substrate as 

in their storage bottles. 

Conductance 

Thermal conductance was estimated from metabolic and temperature 

measurements. Heat loss was also measured in terms of rate of cooling of 

freshly killed mice. For the latter measurements, the live animal was 

kept at the desired TA several hours until its body temperature was stable. 

Chloroform was then introduced into the air stream; the animal died quickly, 

usually without a change in posture. Colonic and subcutaneous temperatures 

were recorded as the dead body, resting in a natural position, cooled to TA. 

Temperature change constants, for dead mice and for torpid live 

animals, were calculated as: 

In T1 - In T2 
A t  , where T1 and T 2 K =  

ning and end of the time period, A t 

are body temperatures ("C) at the begin- 

(mid . 

RESULTS 

Body temperature in relation to ambient temperature 

Fig. 1 shows the colonic temperatures of - P. longimembris during 

24-48 hr exposures at different TA. Fig. 2 shows the abdominal cavity 

temperatures for other p. longimembris during 2-hr exposures. Table 1 

summarizes measurements for the six mice of Fig. 2, and also gives measure- 

ments for three :. alticola. 

Abdominal temperature of P. longimembris did not vary significantly 

In this range mean average with ambient temperature from TA 2" to 32" C .  
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0 abdominal temperature  was 34.68 C. Abdominal temperatures  o f  t h e  small 

sample o f  t h r e e  P. a l t i c o l a  were s i g n i f i c a n t l y  lower a t  T 

than  a t  2O and 32OC. 

16' and 22.5' A 

P. longimembris showed decreas ing  i n t r a g r o u p  v a r i a t i o n  o f  T as B - 
TA i n c r e a s e d  from 2 t o  32OC, b u t  conversely showed i n c r e a s i n g  i n t r a -  

i n d i v i d u a l  v a r i a t i o n  (Table  I ) .  

Above T 32OC, both s p e c i e s  showed a rise of T wi th  TA. Some 
A B 

P. longimembris s t a b i l i z e d  t h e i r  temperatures  a t  T 

exposure,  and b r i e f l y  (15 min) t o l e r a t e d  c o l o n i c  temperatures  as h igh  as 

42.OoC. 

markedly; mice o f t e n  e v e r t e d  t h e i r  cheeck pouches at TA 35-39OC. 

mouse s u r v i v e d  two rises o f  c o l o n i c  temperature  t o  15-min peaks of  41.8 

and 41.3O w i t h i n  2 hours.  

o f  41.9' and 42.5OC, a f t e r  about  15 min a t  t h e s e  T 

Three p. a l t i c o l a  exposed to  T 

3OoC dur ing  a 1 - h r  A - 

The one animal t h a t  recovered from a T of 42.0' s a l i v a t e d  B 

Another 

0 

Two E. longimembris d i e d  a t  c o l o n i c  temperatures  

B' 

4OoC d i e d  w i t h i n  an hour. T h e i r  
A 

abdominal temperatures  at d e a t h  were s h a r p l y  def ined  as 43.2O, 43.0' and 

44. O°C. 

Fig.  3 Fig.  3 shows t h e  c o l o n i c  temperatures o f  E. longimembris exposed 

t o  cont inuous ly  changing ambient temperature  o v e r  p e r i o d s  o f  3.5-6 h r .  

Two of  t h r e e  mice exposed t o  d e c l i n i n g  T had a n  i n i t i a l  d e c r e a s e  i n  T 

b u t  then  s t a b i l i z e d  o r  i n c r e a s e d  T S i m i l a r l y ,  t h e  t w o  animals  of  F ig ,  1 

exposed t o  loo showed a drop i n  T f o r  t h e  f i r s t  1.5-4 h r ,  b u t  t h e n  re- 

t u r n e d  t o  t h e i r  i n i t i a l  T None o f  t h r e e  mice s u b j e c t e d  t o  i n c r e a s i n g  

T 

B' A 

B' 

€3 

B' 
0 showed a change of TB, u n t i l  TA o f  about  34.5 C.  

A 

Fig. 4 

Core- to-subcutaneous temperature  g r a d i e n t  

F ig .  4 shows t h e  d i f f e r e n c e  between deep c o l o n i c  tempera ture  and 

subcutaneous temperature ,  i n  r e l a t i o n  t o  ambient temperature ,  f o r  t h e  
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.? i g . 5 

six mice subjected to continuously changing TA. 

regression lines are all significantly different from zero: 

2-15' C, E is slightly less than 0.05; for TA 12-30', E < 0.001; for 

TA 25-39', E < 0.05. 

varied with the animal, hence the overlapping temperature ranges for which 

regressions are calculated in Fig. 4. 

The slopes of the 

for TA 

The point of transition from one slope to another 

The regression of colonic temperature (TB) on TA for the mice 

of Fig. 4 was: 

- 0.0041TA; TA 28-34', TB = 33.64 4- 0.081TA; TA greater than 34O, TB = 1.519 

+ 1.034TA. 

Metabolic rates of normothermic animals. 

TA 0-14' C, TB = 36.59 - 0.0055TA; TA 14-28', TB = 36.44 

Fig. 5, 2 and b, shows the metabolic rates for nine - P. longimembris, 

as measured in the manometric respirometer. 

weight of 8.23 g (range 8.0-8.5). 

metabolism (Fig. 5, 2) is the average rate for the entire 23-hr recording 

period at a particular ambient temperature, excluding any obvious periods 

of torpor. Four of nine mice were torpid for a time during the 15' C ex- 

posure; all nine were torpid for a period during the 5' exposure. 

maintenance metabolism (Fig. 5 ,  b) is the rate calculated during the slowest 
consumption of one 20-ml unit of oxygen in the respirometer, again ex- 

cluding periods of torpor. 

ranged from an average of 14.9 min at 5' C to 67.7 min at 35' C. 

These mice had an average 

A s  defined here, average maintenance 

Minimum 

The maximum time for consumption of one unit 

Below 30' C, average maintenance metabolism had a regression on 

TA of : 

n = 27). 

(standard error of estimate, 0.08; n = 27). 

ml 02/g hr = 12.68 - 0.268TA (standard error of estimate, 0.12; 
Minimum maintenance rate was: ml 02/g hr = 10.91 - 0.277TA 

1-8 



A t  T 35' t h e  average maintenance r a t e  was 2.94 m l  0 /g  h r ,  and 
A 2 

minimum maintenance r a t e  was 2.06 m l  02 /g  h r .  

Metabol ic  r a t e  was a l s o  measured wi th  t h e  Beckman a n a l y z e r  f o r  t e n  

mice (ave. w t .  8.89 g ,  range 7.8-10.4 g ) ,  wh i l e  they  were pos t abso rp t ive ,  

a t  t h r e e  p o i n t s  i n  t h e  range o f  TA 29-36' C. 

f o r  5-min p e r i o d s  were: 

32.5', 1.07 f 0.059 m l  02 /g  h r ;  TA 36.0°, 1.45 fi 0.13 m l  02 /g  h r .  

va lue  of 1.07 m l  02 /g  h r  a t  TA 32.9' is t aken  a s  t h e  b e s t  approximation 

t o  b a s a l  metabol ic  r a t e .  These measurements a l s o  i n d i c a t e  t h e  zone of 

The average minimum r a t e s  

a t  TA30.00, 1.12 f s.e. 0.075 m l  02 /g  h r ;  TA 

The 

thermal  n e u t r a l i t y  i s  no more than  33 f 1.5' C. 

Metabol ic  r a t e  and body temperature .  

The c o r r e l a t i o n  of metabol ic  r a t e  and c o l o n i c  tempera ture  was 

analyzed f o r  two E. longimembris a t  TA 10' C ( t h o s e  of F ig .  1) f o r  which 

t h e r e  were 36-48 h r  of  cont inuous  records  of bo th  TB and oxygen consumption. 

The a n a l y s i s  is summarized i n  Tables 2 and 3. 

Metabolism and TB dur ing  t o r p o r .  

Tables  2, 
3 

Body tempera ture  and metabolism were measured f o r  t h r e e  2. longimembris 

du r ing  f i v e  c y c l e s  of e n t r y  and a rousa l  from to rpor .  One c y c l e  is shown 

F ig .  6 i n  F i g .  6. 

I n  t h e s e  f i v e  c y c l e s  t h e  maximum coo l ing  c o n s t a n t s  averaged K = 0.0321, 

and maximum warming c o n s t a n t s  averaged K = 0.0399. The d i f f e r e n c e  between 

c o n s t a n t s  f o r  consecu t ive  coo l ings  and warnings was s i g n i f i c a n t :  

d = 0.0078 f see.  0.0019, p C 0.01. 

Cool ing of dead mice. 

The coo l ing  c h a r a c t e r i s t i c s  of f r e s h l y  dead i n d i v i d u a l s  of t h r e e  

Tab le  4. s p e c i e s  of Perognathus a r e  shown i n  Table  4. 
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DISCUSSION 

Reg u 1 a t  i o n  o f body tempe rat u re 

- P. longimembris i s  c l e a r l y  a good temperature  r e g u l a t o r  i n  t h e  range 

TA 2-32 C. dur ing record ing  p e r i o d s  of  2-36 h r  

f o r  normothermic animals ,  a p r e c i s i o n  o f  r e g u l a t i o n  i s  n o t  l a c k i n g  i f  one 

c o n s i d e r s  t h e  problems which small s i z e  imposes. 

0 0 Although TB v a r i e d  1-4.5 

- P. longimembris may have somewhat more s t a b l e  normal body temperatures  

than s e v e r a l  o t h e r  s p e c i e s  t h a t  have been s t u d i e d ,  a l though exact compari- 

son i s  confounded by d i f f e r e n c e s  i n  procedures o f  measurement and exposure.  

I n  t h e  p r e s e n t  s tudy  t h e  mean square  was 0.55 

minute i n t e r v a l s  dur ing  2 hours  on s i x  g. longimembris at T 22 and 27 C. 

C a l c u l a t i o n s  from t h e  s ta t is t ics  of  Morrison and Ryser (1959) g i v e  a mean 

s q u a r e  o f  4.1' f o r  207 measurements on 27 Peromyscus leucopus; t h e i r  

measurements were taken o v e r  a p e r i o d  o f  days on mice free i n  t h e i r  cages 

a t  TA 23-27OC. 

measurements on n i n e  Zapus hudsonius k e p t  a t  TA 20 C (Morrison and Ryser, 

1962). Bartholomew and Cade (1957) found less v a r i a t i o n  of c o l o n i c  

tempera ture  i n  p. longimembris acc l imat ized  10 days a t  T 

found i n  t h e  p r e s e n t  work f o r  te lemetered  animals  a t  TA 22O, i.e. s.e. of  

0 . 1 4 O  f o r  14 mice, and 0.36O f o r  9 mice r e s p e c t i v e l y .  

0 f o r  142 measurements a t  10 

0 0 

A 

0 S i m i l a r l y ,  a mean square  of 1.05 was c a l c u l a t e d  f o r  163 

0 

19-23'C, than A 

E. longimembris showed good r e s i s t a n c e  t o  cold.  Mice a c c l i m a t i z e d  

dur ing  2-hr  exposures  t o  to  room tempera ture  d i d  n o t  show any drop i n  T 

T down to  2OC. 

t u r e s  o f  i n d i v i d u a l s  a t  t h e  lower ambient temperatures  (as shown by 6.e. 

of group means, Table  l ) ,  t h e r e  was less i n t r a i n d i v i d u a l  v a r i a t i o n ,  i .e. 

B 
Although t h e r e  was more spread of t h e  mean body tempera- A 
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more s t a b i l i t y  of  T a t  t h e  lower ambient temperatures ,  as shown by t h e  

mean squares  and ranges of  Table  1. 

8’ 

There were no s i g n i f i c a n t  d i f f e r e n c e s  i n  mean average T o f  E .  B 

longimembris o v e r  t h e  range T 

g e n e r a l l y  t r u e  f o r  t e n  subspec ies  of Peromyscus s t u d i e d  bv McNab and 

Morrison (1963).  But, most small rodents  have shown some d e p r e s s i o n  of  

T a t  low TA: s l i g h t  i n  Peromyscus eremicus (MacMillen, 1965) and Perog- 

nathus c a l i f o r n i c u s  (Tucker,  1965a) ; moderate t o  c o n s i d e r a b l e  i n  Peromyscus 

leucopus noveboracensis (Morrison and Ryser, 19591, Zapus hudsonius  (Morri- 

son and Ryser, 19621, Micromys minutus (Smirnov, 1957) and Mus musculus 

(Hart, 1951).  

2-32OC (Fig.  2, Table  1). The same w a s  
A 

B 

If they  had been exposed t o  experimental  TA f o r  l o n g e r  t i m e s ,  t h e  

p r e s e n t  animals  might have shown a lowering o f  T 

Cade (1957) found t h a t  t h i s  s p e c i e s  had lower T B 

TA 19-23O. 

s i n c e  Bartholomew and 

a t  TA 2.5-5.3OC than  a t  

B’ 

T h e i r  measurements were made a f t e r  10 days exposure.  

When p. longimembris were exposed t o  cont inuous ly  changing T two  A 

o f  t h r e e  mice showed an i n i t i a l  drop i n  T when T was d e c r e a s i n g ,  bu t  B A 

soon s t a b i l i z e d  o r  i n c r e a s e d  t h e i r  core temperature  (Fig.  3). None of  

t h r e e  mice showed any s i g n i f i c a n t  change i n  T as T i n c r e a s e d  up t o  B A 

34OC.  

Body temperature  of p. longimembris rose when ambient temperature  

0 was i n c r e a s e d  above 34 C. However, t he  rate o f  i n c r e a s e  above normal 

T was slower than  expected,  For  the s ix  mice of  Fig.  2, a f t e r  2 h r  a t  

T 

t e m p e r a t u r e s  averaged 37 f o r  t h e  group. The T of one m u s e  d i d  n o t  rise 

to  370 i n  t h e  2-hr  exposure. 

B 

A 32OC, and 20 min t r a n s i t i o n  t o  37O, it was 50 minutes b e f o r e  abdominal 

0 

B 

Then, a f t e r  a 30 min t r a n s i t i o n  t o  T 39O, A 
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i t  was 30 min before  t h e  group mean T rose to ambient. There w a s  cons ider -  B 

a b l e  v a r i a b i l i t y  of  response a t  T 39OC. 

t h e i r  body temperatures  o r  n e a r l y  so,  at t h e  end of  60 min; one mouse 

warmed to  only  T 

reached a l e t h a l  T 

Four of s i x  mice had s t a b i l i z e d  A 

0 
= 38.2 i n  60 min, another  warmed t o  39.0°, whi le  a t h i r d  B 

o f  41.9O i n  t h a t  time, B 

From average minimum maintenance metabolism and conductances measured 

f o r  g. longimembris, a warming rate o f  5.5-11 C /  h r  i s  expected a t  ambient 

temperatures  above normal body temperature.  Warming rates o f  o n l y  1.8 / h r  

were observed f o r  t h e  mice o f  Table  1 and F i g ,  2 a t  TA 37' and 39OC. There 

were no apparent  r a d i a t i o n  o r  conduction h e a t  s i n k s  a v a i l a b l e  t o  t h e  mice 

dur ing  t h e  measurements. 

0 

0 

To d i s s i p a t e  t h e  h e a t  a s s o c i a t e d  wi th  t h e  d i f f e r -  

ence of 3.5-9 degrees/g h r  between t h e  expected and a c t u a l  body temperatures  

would r e q u i r e  t h e  e v a p o r a t i o n  of  5.5-14 mg H O/g h r ,  o r  2.8-7 mg H 2 0 /  m l  O2 

consumed, Rates of  evapora t ion  i n  t h e  range 3-4 mg H O/ m l  0 have been 

observed f o r  s e v e r a l  d e s e r t  rodents  a t  ambient temperatures  37-40 C (unpub- 

l i s h e d  material). 

of t i m e  by an i n c r e a s e  i n  v e n t i l a t i o n  of r e s p i r a t o r y  and n a s a l  s u r f a c e s ,  

and by e v a p o r a t i o n  from t h e  s u r f a c e s  of  e v e r t e d  cheek pouches i n  a d d i t i o n  

t o  t h e  g e n e r a l  body s u r f a c e .  The p r e s e n t  mice were n o t  observed to  s a l i v a t e ,  

however o t h e r s  d i d  dur ing  more extreme exposures.  

2 

2 2 
0 

Higher rates can probably b e  achieved f o r  s h o r t  p e r i o d s  

Body temperature  measured by a telemeter i n  t h e  abdominal c a v i t y  was 

u s u a l l y  lower than  t h a t  measured wi th  a small t h e r m i s t o r  i n  t h e  colon (see 

Fig.  1). Undoubtedly, t h e  telemeter, because of i t s  much l a r g e r  s i z e  

(- 600 mm3 v s  - 0.6 mm 

t e m p e r a t u r e  f o r  t h e  whole body volume, while  t h e  t h e r m i s t o r  i s  measuring t h e  

t e m p e r a t u r e  of  a r e l a t i v e l y  small volume o f  t i s s u e  i n  t h e  body co re .  

3 f o r  the thermis tor )  i s  g i v i n g  more of  an average 

Hart 
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(1951) found t h a t  t h e  average  temperature of  t h e  whole body o f  house mice 

(measured i n  a c a l o r i m e t e r )  was about 2 C lower than  tempera ture  o f  t h e  

body core .  The measurements o f  Smirnov (1957) show t h e  d i f f e r e n c e s  t h a t  

can e x i s t  between d i f f e r e n t  parts of t h e  e x t e r n a l  s u r f a c e  of  a small rodent.  

0 

When speaking about body temperature,  i n  t h e  case  o f  small roden t s  

i n  p a r t i c u l a r ,  i t  i s  necessary  t o  spec i fy  where i n  t h e  body t h e  tempera ture  

was measured, and wi th  what k ind  o f  sensor .  Morrison and Ryse r  (1959) 

and o t h e r s  have shown t h a t  t h e  measured c o l o n i c  tempera ture  v a r i e s  w i th  t h e  

depth  of  i n s e r t i o n  of  t h e  thermocouple o r  t he rmis to r .  

Cade (1957) found t h a t  rectal temperatures taken  manually wi th  a thermo- 

couple  were l 0 C  h i g h e r  than  t h o s e  measured by thermocouples implanted  i n  

t h e  body core. The p r e s e n t  work shows t h a t  tempera tures  t e l eme te red  from 

Bartholomew and 

t h e  abdominal c a v i t y  are n o t  comparable i n  a b s o l u t e  terms wi th  those  mea- 

su red w i  t h  t h e r m i s t o r s  . 
McNab (1966) proposed t h a t  a body tempera ture  of  35OC i s  t h e  lowest 

0 compat ib le  wi th  good thermoregula t ion  i n  a 2 -h r  exposure a t  10 C ,  and i s  

inadequa te  f o r  l onge r  exposures  o r  lower ambient temperatures.  The mice 

of Fig.  2 had abdominal tempera tures  averaging  34.6 dur ing  a 4.5 h r  ex- 

posu re  at T 

of 36.3' and 35.6' o v e r  48-hr exposure a t  TA 10°C (Table 3) .. Thermoregu- 

l a t i o n  w a s  good i n  both  cases, except when t h e  mice were t o r p i d .  

however, t h e  meaning of 11body temperature" and I1goodf1 thermoregula t ion  i s  

open to i n t e r p r e t a t i o n .  

0 

2O and then  7OC. Two o t h e r  mice, had mean c o l o n i c  tempera tures  A 

Obviously, 

Core- to- subcu t an'eous tempera ture  g r a d i e n t  

Wnen Tc - Ts d i f f e r e n c e s  are p l o t t e d  a g a i n s t  TA, f o r  t h e  s i x  mice 
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exposed t o  cont inuous ly  changing T 

r ep resen ted  by t h e  t h r e e  r e g r e s s i o n  l i n e s  of  F ig .  4 .  

- P. longimembris has f o u r  zones o f  temperature r e g u l a t i o n .  These are, spec- 

u l a t i v e l y ,  as follows: 

t h e r e  are t h r e e  groupings  of  va lues ,  

Th i s  sugges t e s  t h a t  

A’ 

0 (1) I n  t h e  range of  T 34-39 C y  hea t  product ion  i s  minimum i n  a n  A 
0 i n a c t i v e  animal. S ince  T - T remains a t  about 1 throughout t h e  range, 

h e a t  t r a n s p o r t  t o  t h e  s u p e r f i c i a l  tissues and h e a t  loss through t h e  s u r f a c e  

remain maximum. Equi l ibr ium of  T occurs  p a s s i v e l y  when T i n c r e a s e s  t o  

t h e  p o i n t  where t h e  s u r f a c e - t o - a i r  temperature g r a d i e n t  i s  s u f f i c i e n t  t o  

make h e a t  l o s s  equal  to minimum h e a t  production. This  e q u i l i b r i u m  occur s  

when c o r e  tempera ture  i s  atmut 1.5 t o  4.0 

C S 

B B 

0 above TA (Fig .  3 ) .  

Metabol ic  rate reaches  an abso lu te  minimum nea r  TA 33OC. Above t h i s  

TA, metabolism i n c r e a s e s ,  and t h i s  compl ica tes  t h e  achievement of  equ i l ib r ium.  

The mice o f  F ig ,  3 and 4 were not  allowed t o  reach  an e x c i t e d  state;  they 

u s u a l l y  remained p r o s t r a t e ,  so h e a t  production o f  i nc reased  muscular act i -  

v i t y  w a s  n o t  a problem. 

0 ( 2 )  Below T 34 C t h e r e  i s  a cons t an t  rate of i n c r e a s e  o f  h e a t  pro- A 

duc t ion  (F ig .  5a). I n  t h e  range of T 34O down t o  30°,  s i n c e  T - T remains 

a t  about  lo, probably t h e r e  i s  l i t t l e  change i n  c i r c u l a t i o n  o f  h e a t  t o  t h e  

s u r f a c e .  A s  T dec reases ,  h e a t  balance is  achieved  p a r t l y  by i n c r e a s e d  

h e a t  p roduc t ion  and p a r t l y  by cool ing  of t h e  body t o  a lower e q u i l i b r i u m  

t empera tu re .  

A C S 

A 

0 
TS 

( 3 )  Below T 30 C y  c o r e  temperature remains c o n s t a n t ,  bu t  Tc - A 
0 0 0 i n c r e a s e s  from about 1 

t h e r e  h a s  been a r e d u c t i o n  i n  c i r c u l a t i o n  t o  t h e  s u p e r f i c i a l  t i s s u e s ,  and 

t h a t  h e a t  ba lance  is  now being p a r t l y  achieved by coo l ing  of t h e  s u r f a c e  

at TA 30° t o  3 a t  TA 17 . This  sugges t s  t h a t  
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and consequent r educ t ion  i n  h e a t  l o s s  from t h e  su r face .  

( 4 )  Below TA 17'C and down t o  a t  l e a s t  TA 2O, Tc - T i s  r e l a t i v e l y  
S 

s t a b l e  a t  3 O ,  This  sugges t s  t h a t  i n  a d d i t i o n  t o  prev ious  ad jus tmen t s ,  h e a t  

ba lance  i s  now being achieved  by some a d d i t i o n a l  r educ t ion  i n  t o t a l  thermal 

conductance. Conductance i s  g r a d u a l l y  reduced ( i n t e g r a t e d  i n s u l a t i o n  is  

inc reased )  as T dec reases .  A 

The r e a l i t y  of  t h e  d i f f e r e n t  Tc - T r e l a t i o n s h i p s  is  g iven  p a r t i c u l a r  s 

credence by two mice o f  Fig. 3 t h a t  were warmed t o  nea r  t h e  l e t h a l  p o i n t ,  

allowed t o  cool r a p i d l y ,  then  rewarmed and recooled;  t h e s e  mice had t h e  

same Tc - T 

Also, t h e  mouse of Fig,  3 t h a t  had t h e  g r e a t e s t  drop i n  core t empera tu re  

dur ing  exposure  to  dec reas ing  T 

mice. The cons i s t ency  o f  t h e  temperature g r a d i e n t  f o r  d i f f e r e n t  ranges of 

T s u g g e s t s  t h a t  t h e  l i t t l e  pocket mouse may i n t e g r a t e  i t  metabolism t o  

t h i s  g r a d i e n t ,  as some m a m m a l s  seem t o  i n t e g r a t e  t o  s k i n  tempera ture  (Hart, 

1964). 

subcutaneous t h e r m i s t o r  bead i s  r i c h  i n  brown f a t  t i s s u e .  

va lues  f o r  s p e c i f i c  ambient tempera ture  when warming and cool ing .  
S 

had t h e  same T A C 
- Ts va lues  as t h e  o t h e r  

A 

It may a l s o  be s i g n i f i c a n t  t h a t  the  r e g i o n  of imp lan ta t ion  of  t h e  

Musser and Shoemaker (1965) s i m i l a r l y  have found f o r  two s p e c i e s  o f  

Peromyscus t h a t  deep c o l o n i c  and s u p e r f i c i a l  c o l o n i c  tempera tures  d i d  no t  

vary  l i n e a r l y  wi th  T but  t h a t  t h e  d i f f e r e n c e  between them i n c r e a s e d  

s h a r p l y  from TA 30' t o  TA 2OoC. 

g r a d i e n t  change f o r  t h e  p r e s e n t  mice. 

A' 

This  i s  about t h e  same region  o f  g r e a t e s t  

Metabol ic  rate and body temperature.  

There i s  evidence f o r  p. lonpimembris t h a t  v a r i a t i o n  i n  T depends 

I n  mice k e p t  2 days a t  TA 10°C (Table  

B 

upon v a r i a t i o n  of metabol ic  rate. 

2, 3) TB, l i k e  metabolism, showed a g r e a t e r  range i n  24 h r  than  i n  hour ly  
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p e r i o d s ,  

metabolism and T 

m i n u t e s  behind those  of metabolism. The true l a g  was something g r e a t e r  

than t h e  v a l u e  i n  Table 2,  due t o  l a g  i n  r eco rd ing  oxygen concen t r a t ion  

i n  an a n a l y z e r  about 1 m downstream from t h e  animal chamber, and due t o  

time f o r  mixing of atmospheres i n  t h e  chamber. 

found v a r i a t i o n s  of  T i n  Peromyscus spp. a s s o c i a t e d  wi th  changes i n  

a c t i v i t y  . 

There was a h igh  degree  of co inc idence  of hour ly  extremes of  

w i th  t h e  temperature maxima and minima lagging  s e v e r a l  B’ 

McNab and Morrison (1963) 

B 

The co inc idence  of  metabolism and tempera ture  extremes p e r s i s t e d  i n  

mouse #B3 (Table  2, 3) up to t h e  t i m e  of i t s  e n t r y  i n t o  prolonged to rpor .  

I n  mouse #B4 t h e r e  was a l a c k  o f  coincidence p r i o r  t o  and between two 

s h o r t  p e r i o d s  of t o r p o r ,  

a s s o c i a t i o n  of  mean hour ly  l e v e l s  of  T and o f  oxygen consumption (Table  3 ) .  B 

However, i n  #B4, t empera ture  and metabolism l e v e l s  changed i n  o p p o s i t e  

d i r e c t i o n s  (15 h r )  more o f t e n  than i n  t h e  same d i r e c t i o n  (11 h r ) .  Hart 

(1951) found t h a t  phys i ca l  a c t i v i t y  i n  mice a t  low TA can dec rease  T be- 

low t h a t  of a r e s t i n g  an imal ,  i n  s p i t e  of d i f f e r e n c e s  i n  metabol ic  l e v e l .  

Th i s  might be t h e  reason f o r  t h e  d i f f e r e n c e  between animals #B3 and #B4. 

I n  mouse #B3 t h e r e  w a s  a complete p o s i t i v e  

B 

Thermal conductance of  normothermic mice. 

Cons ider ing  t h e  number of phys io log ica l  and phys ica l  f a c t o r s  t h a t  

i n f l u e n c e  t h e  h e a t  l o s s  of  a s m a l l  rodent,  i t  i s  s u r p r i s i n g  t h a t  a l i n e a r  

r e l a t i o n s h i p  is  so o f t e n  o b t a i n e d  between me tabo l i c  rate and TA, and t h a t  

t h i s  r e l a t i o n s h i p  o f t e n  e x t r a p o l a t e s  t o  a tempera ture  wi th in  t h e  range of 

normal T a t  t h e o r e t i c a l  z e r o  metabolism. When such a r e l a t i o n s h i p  occur s  

i n  a n i m a l s  w i th  a c o n s t a n t  T o v e r  the range o f  T involved ,  i t  means t h a t  

a l l  t h e  f a c t o r s  a f f e c t i n g  h e a t  l o s s  have i n t e g r a t e d  i n  such a f a s h i o n  as to 

B 

B A 
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s imula t e  Newtonian coo l ing  of a n  inanimate o b j e c t ,  i.e. coo l ing  rate pro- 

p o r t i o n a l  t o  T 
B - TA' 

- P. longimembris s i m u l a t e s  Newtonian coo l ing  i n  a p a r t i c u l a r  i n s t a n c e  

o n l y ,  e.g. when metabol iz ing  a t  t h e  minimum maintenance rate. The r e g r e s s i o n  

r e l a t i n g  minimum rate t o  T (F ig .  5, b) e x t r a p o l a t e s  t o  39.4OC, which i s  h igh  

i n  t h e  normal range o f  T B u t ,  t h e  e x t r a p o l a t i o n  is  reasonable  cons ide r ing  B' 

t h a t  t h e  5% confidence l i m i t s  of t h e  s lope  o f  t h e  r eg res s ion  rate 0.248 t o  

0.306. 

A 

The mice of  Fig. 5 ,  at t h e i r  minimum metabol ic  rate, had a thermal 

0 conductance t h a t  was c o n s t a n t  below LCT a t  about  0.28 m l  0 / g  h r  

is  t h e  same as t h e  va lue  o f  0.27 found by Pearson  (1960) f o r  9 g h a r v e s t  

C. This  
2 

mice, Reithrodontomys mega lo t i s ,  bu t  less than  t h e  0.40-0.48 measured by 

Hudson (1965) f o r  6 .4  g pygmy mice, Baiomys t a y l o r i .  Tucker (1965a) found 

a v a l u e  o f  0.19 f o r  22 g PerogDsthus c a l i f o r n i c u s .  

c e p t  E. t a y l o r i ,  f i t  t h e  g e n e r a l  curve  presented  by Lasiewski (1963) r e l a t i n g  

conductance t o  body s i z e  i n  small b i r d s  and m a m m a l s .  A thermal conductance 

o f  0 .28  m l  02/ g h r  OC is  93 p e r  c e n t  of t h e  v a l u e  (0.30) p r e d i c t e d  by t h e  

curve  of L a s i e w s k i  (1963) ,  bu t  i s  on ly  78 p e r  c e n t  of t h e  v a l u e  (0.36) pre-  

d i c t e d  by t h e  formula o f  Morrison and R y s e r  (1951):  

A l l  t h e s e  s p e c i e s  ex- 

0 cal/  g h r  C = 4.8 

-0.50 wt(g)  

The l i n e a r  r eg res s ion  of  average maintenance metabolism on T (Fig.  5, 

l i n e  5) , however, e x t r a p o l a t e s  t o  44.2' a t  ze ro  metabolism, which is  s e v e r a l  

A 

deg rees  above l e t h a l  T I n  t h i s  case Newtonian cool ing  i s  no t  s imula ted .  B' 
H.P. Thermal conductance can be c a l c u l a t e d  by t h e  formula: C = 

TB - TA 
I f  h e a t  p roduc t ion  (H.P.) i s  taken  as the  ave rage  maintenance rate o f  Fig. 5, 

and TB i s  t aken  as t h e  abdominal tempera tures  of t h e  mice of Fig.  2, then 
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0 0 the fo l lowing  va lues  of C result :  

TA 25 , C = 0.58; TA 15 , C = 0 . 4 3 ;  TA 5 , C = 0.42. 

conductance i s  c o n s i s t e n t  with t h e  i n t e r p r e t a t i o n  of  Fig. 4, r e l a t i n g  

t h e  g r a d i e n t  of  core-  t o -  subcu taneous tempe r a t u  re t o  ambient t empera tu  re. 

TA 35 C y  C = 2.5; TA 32 , c = 1.3; 

0 0 0 Such a v a r i a t i o n  of 

A comparison of  minimum and maintenance metabolism rates (Fig .  5)  

sugges t s  t h a t  whi le  t h e  amount of  energy needed t o  main ta in  T 

l i n e a r l y  wi th  T below LCT, t h e  a d d i t i o n a l  amount of energy expended i n  

voluntary  a c t i v i t y  by a mouse i n  a small chamber, w i th  food - ad l i b i t u m ,  

remains cons t an t .  S ince  t h e  two r eg res s ions  are e s s e n t i a l l y  paral le l ,  

i n c r e a s e s  B 

A 

t h a t  f o r  average  metabolism e x t r a p o l a t e s  t o  a tempera ture  w e l l  above nor- 

m a l  T a t  t h e o r e t i c a l  ze ro  metabolism, and t h e  a c t i v e  animal must have a 

v a r i a b l e  conductance. Hart (1952) found t h a t  house mice i n  small meta- 

B 

bolism chambers wi th  food had a cons t an t  energy expend i tu re  f o r  vo lun ta ry  

a c t i v i t y  a t  T LO-30°C. 
A 

Conductance and metabolism dur ing  cyc le s  of  t o r p o r .  

While dead mice followed Newton's l a w  of coo l ing ,  and had t h e  same 

coo l ing  c o n s t a n t  from T = 3 5 O C  down t o  where TB a TA (Table  41, l i v e  mice 

e n t e r i n g  o r  recover ing  from t o r p o r  w e n t  through s e v e r a l  phases of  tempera- 

t u r e  change wi th  d i f f e r i n g  c o n s t a n t s  ( F i g .  6 ) .  

B 

An a n a l y s i s  of  t h e  simultaneous measurements o f  TB and metabolism 

o f  t h r e e  E. longimembris du r ing  cycles o f  t o r p o r  showed t h a t  d u r i n g  wam- 

ing  from a T of  10 C ,  t h e  rate of metabolism was a t  o r  nea r  t h e  t h e o r e t i c a l  

maximum d i c t a t e d  by T up t o  t h e  poin t  where T 

p r o g r e s s i v e l y  decreased .  

(1965b) f o r  p. c a l i f o r n i c u s  was taken as t h e  s t a n d a r d  f o r  p. lonnimembris, 

i .e. m a x  m l  0 /g  h r  = 0.379TB - 2.77. The rate of warming averaged 0.3O 

0 

B 

= 18'C; then  metabolism 
B B 

The t h e o r e t i c a l  maximum es t ima ted  by Tucker 

2 
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0 C/min, once TB reached 25 . 
and Cade (1957) f o r  t h e  same s p e c i e s ,  and even less than  t h e  warming rate 

f o r  S i c i s t a  b e t u l i n a  (Johansen and Krog, 1959) which went from T 

3 5 O C  i n  30-40 min. 

This  i s  only h a l f  t h e  rate found by Bartholomew 

6 O  t o  B 

During cool ing  t h e  rate of  metabolism o f  t h e s e  t h r e e  E. longimembris 

dropped r a p i d l y ,  bu t  d i d  n o t  approach the t h e o r e t i c a l  minimum u n t i l  T was 

w i t h i n  3 O  o r  less o f  T 

p e r i o d s  o f  maintained t o r p o r  at d i f f e r e n t  ambient temperatures  were: 

T 

m l  02/ g h r  = 0.048TA - 0.68. 

B 

The t h e o r e t i c a l  minima, as determined d u r i n g  
A' 

a t  

10-22°C, minimum m l  02/ g h r  = 0.027TA - 0.177; TA 22-32', minimum A 

The metabolism o f  t h e s e  p. longimembris w a s  u n l i k e  t h a t  o f  t h e  

c a l i f o r n i c u s  s t u d i e d  by Tucker (1965b), i n  t h a t  t h e  lat ter achieved a 

minimum rate n e a r  t h e  start  of  e n t r y  i n t o  t o r p o r  i n  a l l s h u t t i n g  o f f  t h e  

thermostat11 type  o f  response.  However, t h e r e  are too  few measurements t o  

allow o n e  to  determine i f  t h e r e  i s  a t r u e  s p e c i e s  d i f f e r e n c e .  Lindberg 

(1966) measured abdominal temperature  of s i x  E. longimembris d u r i n g  c y c l e s  

o f  t o r p o r  repea ted  d a i l y  fo r  30 days. 

t u r e  d e c l i n e  at t h e  s tar t  o f  t o r p o r  can vary  w i t h i n  t h e  i n d i v i d u a l  from 

day to  day,  from a r e l a t i v e l y  gradual  d e c l i n e  t o  an abrupt  d e c l i n e  sug- 

g e s t i n g  a stturning o f f  t h e  thermostat.11 The rate o f  d e c l i n e  is  undoubtedly 

i n f l u e n c e d  by t h e  prev ious  and simultaneous c o n d i t i o n s  imposed upon t h e  

pocket  mouse, The e f f e c t  o f  d i f f e r e n t  c o n d i t i o n s  i n  t h e  l a b o r a t o r y  needs 

t o  be  c a r e f u l l y  a s s e s s e d  b e f o r e  i t  can be determined i f  " s h u t t i n g  o f f  t h e  

thermostat1I i s  o r  i s  n o t  t h e  probable  response i n  n a t u r e .  

H e  found t h a t  t h e  rate of  tempera- 

Heat ba lances  were estimated f o r  two E. longimembris d u r i n g  e n t r y  

and recovery  from torpor.. The following c o n s t a n t s  were used: h e a t  c o n t e n t  
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0 
of body = 0.82 cal/  g OC;  1 m l  0 consumed E 4.7 cal ;  A 1  C T 

2 B t 0.174 m l  02/ g.  

The thermal conductance necessary  t o  achieve  t h e  observed coo l ing  or warming 
observed  H.P. + 02 e q u i v a l e n t  of ATB 

TB - TA 
was es t ima ted  as: 

Conductance f o r  d i f f e r e n t  p o i n t s  i n  the cooling-warming cyc le  are i l l u s t r a t e d  

C ( m l  02/ g hr°C) = 

i n  Fig. 6. During coo l ing ,  conductance ranged from about  0.35 e a r l y  i n  cool -  

i n g  t o  0.5-1.0 la te  i n  c o o l i n g ,  I n  a l l  cases e s t i m a t e d  conductance was 

h i g h e r  than t h e  0.28 m l /  g h r  C f o r  animals i n  a minimum maintenance state. 0 

The h i g h e r  conductances are wi th in  the  range of  va lues  e s t ima ted  f o r  a c t i v e  

normothermic mice. In  t h e  f i r s t  phase of warming conductance'was a l s o  h igh ,  

0.6-2.0 bu t  t h e r e a f t e r  was u s u a l l y  less than  0.28 and averaged 0.23. 

l o g i c a l ,  coo l ing  an imals  somehow e f f e c t  an  i n c r e a s e  i n  conductance, which 

As i s  

f a c i l i t a t e s  h e a t  l o s s ;  warming animals dec rease  conductance, which f a c i l i t i e s  

h e a t  accumulation. 

P h y s i c a l  i n s u l a t i o n .  

Dead p. longimembris cooled  at rates e q u i v a l e n t  t o  an average  con- 

duc tance  of  0.32 m l  02/ g hr°C; es t imated  conductances ranged from 0.14- 

0.23 immediately a f t e r  d e a t h  t o  0.39-0.41 when TB wasJnear ing  T 

v a l u e ,  C = 0.14 m l  0 / g hr°C (which i s  e q u i v a l e n t  t o  0.66 cal/  g h r  C o r  

0.30 cal/cm h r  C )  may approximate t h e  r e c i p r o c a l  of maximum p h y s i c a l  i n -  

The 
A'  

0 

2 
2 0  

s u l a t i o n  of  t h e  l i t t l e  pocket  mouse, However, v a r i a t i o n  of 0.23 t o  0.40 

could  have been due simply t o  changing p o s t u r e  o f  t h e  body, as h a s  been 

found f o r  t o r p i d  - P. c a l i f o r n i c u s  (Tucker, 1965a).  Although l i v e  E .  l ong i -  

rnernbris had h i g h e r  conductances when e n t e r i n g  t o r p o r  (0.35- 1.0) than  dead 

m i c e ,  t h e y  cooled more slowly, Th i s  i s  a consequence of t h e  h e a t  produc- 

t i o n  o f  t h e  l i v e  animal,  which must be d i s s i p a t e d  a long  wi th  t h e  i n i t i a l  

h e a t  c o n t e n t  of t h e  t i s s u e s .  
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Fresh ly  dead p. longimembris cooled more r a p i d l y  than t h e  l a r g e r  

species, p. fonnosus and E .  c a l i f o r n i c u s  (Table  41, as is  expec ted  from 

geometr ic  r e l a t i o n s h i p s  a l o n e ,  The h e a t  f l u x  of  t h e s e  t h r e e  species w a s  

i n  t h e  same range as t h a t  measured f o r  t h e  arct ic  roden t s ,  Clethrionomys 

mt i lus  (14.3 g) and Micro tus  economis (20.4 g )  by Morrison and T i e t z  

(1957). T h i s  sugges t s  t h a t  t h e  pocket mice o f  temperate and w a r m  d e s e r t s  

might have a phys ica l  i n s u l a t i o n  equal t o  t h a t  o f  arctic roden t s .  However, 

comparison i s  confounded by t h e  f a c t  t h a t  t h e  measurements on t h e  arctic 

species were made on rewarmed c a r c a s s e s  t h a t  had been f rozen  and which 

d i d  n o t  have normal pe lage .  

Body tempera ture ,  metabol ic  rate and conductance 

I n  an a n a l y s i s  o f  body tempera tures  o f  m a m m a l s ,  McNab (1966) pro- 

poses t h a t  TB i s  a f u n c t i o n  of metabolic rate and conductance, and t h a t  

i t  can be p r e d i c t e d  as: 

r e l a t i v e  metabol ic  rate and r e l a t i v e  conductance r e s p e c t i v e l y .  

TB (OC)  = 4.7(M/C) + 32.2, where M and C are t h e  

For  t h e  p re sen t  - P. longimembris, b a s a l  metabolism is  approximated 

by t h e  v a l u e  1.07 m l  02/ g h r ;  t h i s  i s  0.53 of  t h e  va lue  p r e d i c t e d  by t h e  

g e n e r a l  r e l a t i o n s h i p  developed by K l e i b e r  (1961): 

The conductance of P. longimembris i n  8 minimum maintenance state,  0.28 ml 

02/ g h r  C ,  i s  0.78 of t h a t  p r e d i c t e d  by t h e  equa t ion  of  Morrison and Ryser 

(1951): C = 1.02 w t  

p r e d i c t e d  by h i s  formula i s  then  35.4OC, i .e. a reduc t ion  below t h e  mam- 

malian l ls tandardl l  of 37O i s  expected because of t h e  lower me tabo l i c  rate, 

which i s  o n l y  p a r t l y  compensated by a lower conductance ( o r  h i g h e r  i n su -  

l a t i o n )  t h a n  expected. 

below 37 C ;  t h e  observed abdominal tempera tures  are somewhat lower than  

-0.25 m l  02/ g h r  = 3.5 w t  

- 
0 

. Following the  procedure of McNab (19661, TB -0.50 

The observed body tempera tures  do show a reduc t ion  

0 
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0 p r e d i c t e d  T 35.4 C, whi le  t h e  co lon ic  tempera tures  are i n  g m e r a l  somewhat 

h i g h e r  than p red ic t ed .  

B’ 

I n  view of t h e  many f a c t o r s  t h a t  can i n f l u e n c e  a b s o l u t e  body tempera- 

t u r e  of a small mammal, as shown by the  d e t a i l e d  s tudy  of one s p e c i e s  by 

Morrison and Ryser (19591, i t  i s  no t  p o s s i b l e  t o  be more conc lus ive  about 

t h e  tempera ture  r e l a t i o n s h i p s  of t h e  l i t t l e  pocket mouse wi thout  much more 

i n f o  mat ion ,  
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Legends f o r  f i g u r e s .  

Fig. 1 Body tempera ture  o f  p. longimembris kep t  24-48 h r  a t  d i f f e r e n t  

ambient tempera tures ;  T recorded con t inuous ly  from bead thermi- 

s t o r  2 c m  i n t o  colon. Open c i r c l e  i s  t h e  average  T and v e r t i c a l  

l i n e  i s  t h e  range f o r  each a n i m a l  du r ing  i t s  normothermic pe r iods .  

Hor izonta l  l i n e  i s  mean average T B 

mice as measured by telemeter i n  body c a v i t y  (mice o f  F ig .  2 

and Table  1). 

B 

B 

of  ano the r  group of  s i x  pocket 

Fig.  2. Re la t ionsh ip  of  mean average  abdominal temperature t o  ambient 

tempera ture  f o r  s i x  E. longimembris. Hor izonta l  l i n e  i s  mean 

average  T f o r  t h e  s i x  mice, v e r t i c a l  b a r  i s  f 2 s.e., and v e r t i -  

cal l i n e  i s  range of average  abdominal tempera tums.  Mice were 

exposed 2 h r  a t  each tempera ture ,  proceeding from 2 

wi th  a 20-30 minute t r a n s i t i o n  between tempera tures ,  excep t  t h e r e  

was an o v e r n i t e  break i n  t h e  sequence between measurements a t  T 

12' and TA 17OC. 

o f  exposure on ly ;  d a t a  f o r  39 are f o r  a l - h r  exposure  only .  

B 

0 t o  37OC, 

A 

The d a t a  p l o t t e d  f o r  TA 37O are f o r  t h e  2nd h r  

0 

Fig. 3. Colonic  tempera tures  of  s i x  p. longimembris exposed t o  con t inuous ly  

changing ambient tempera ture  o v e r  a p e r i o d  of  3.5-6 h r ;  t h r e e  mice 

exposed t o  dec reas ing  T 

P l o t t e d  p o i n t s  are average  body tempera tures  f o r  consecu t ive  15- 

min pe r iods .  

A' and t h r e e  exposed t o  i n c r e a s i n g  T A 

Fig. 4. Rela t ionsh ip  o f  t h e  g rad ien t :  c o l o n i c  temperature (T minus C 

subcutaneous tempera ture  (TS) ,  t o  ambient tempera ture  (TA) f o r  t h e  

s i x  mice of  F ig ,  3.  Values f e l l  i n t o  t h r e e  groups r ep resen ted  by 

t h e  t h r e e  l i n e a r  r eg res s ion  l i n e s ,  
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Legends, 2. 

Fig. 5 .  Oxygen consumption of p. lonnimembris. (a) Average maintenance 

metabolism and ( b )  minimum maintenance metabolism o f  n i n e  mice 

as measured i n  manometric resp i rometer ;  (c )  dean minimum meta- 

bol i sm f o r  5-min p e r i o d  f o r  t e n  p o s t a b s o r p t i v e  mice, as measured 

w i t h  Beckman oxygen ana lyzer .  Circles are mean va lues ;  v e r t i c a l  

l i n e s  f o r  ( b )  are f 2 s.e. 

Fig. 6. Body temperature  and oxygen consumption of one E. lonnimembris 

dur ing  e n t r y  and subsequent  a r o u s a l  from t o r p o r  whi le  a t  T 

Values a d j a c e n t  to  temperature  curves  are thermal conductances 

e s t i m a t e d  a t  v a r i o u s  p o i n t s  i n  c y c l e  (see text) .  

10°C. A 

1-27 



Table 1. Body temperature at d i f f e r e n t  ambient temperatures. 

T measured by telemeter i n  abdominal c a v i t y  during 2-hr  exposure. B 

- P. longimembris (n=6),  ave w t  11.55 g ( range  9.0-14.0 g )  

TA (OC) 2 7 12 17 22 27 32 37b 3gC 

Mean ave T (OC) 34.31 34.93 34.97 34.93 34.58 34.65 34.79 37.89 38.41 B 

s.e. 0.63 0.56 0.51 0.32 0.36 0.30 0.20 0.23 - 
Mean range of ave 

I TB (OC) 

Tota l  range of ave 34.0- 34.2- 34.1- 33.7- 33.1- 33.8- 34.2- 37.6- 38.0- 
TB (OC) 34.9 35.9 36.1 36.0 35.6 35.6 35.4 38.6 39.8 

0.10 0.40 0.48 0.53 0.61 0.52 0.11 0.26 - Mean square ,  v a r i a t i o n  
wi th in  i n d i v i d u a l s a  

- P. a l t i c o l a  (n=3) w t s  15.5, 15.7, 22.2 g 

TA (OC) 2 7 12.5 17 22.5 27 32 37 

Mean ave T (OC) 36.17 35.73 36.17 34.60 34.73 35.27 36.23 40.13 B 

s.e. 0.17 0.41 0.44 0.21 0.11 0.52 0.09 0.33 
I 

Mean range of  ave 
TB (OC) 1.46 1.66 2.00 2.63 2.80 2.53 2.30 2.03 

To ta l  range of ave 34.8- 33.6- 34.3- 32.5- 32.8- 32.8- 34.2- 36.7- 
TB (OC) 36.9 36.9 37.8 36.3 37.1 37.6 37.9 40.8 

0 a - 12-14 measurements a t  10 minute i n t e r v a l s  on each mouse a t  T 2-37 , 6 
A 

0 2 measurements a t  TA 39 ; mean square  = sum d e v i a t i o n s  /degrees freedom 

b - ave and s.e. f o r  2nd hour on ly ,  when T was s t a b i l i z e d  

c - 1 - h r  exposure  only  

B 
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Table 2. Metabolic rate and TB of two E. longimembris kep t  2 days 

a t  TA 10°C. Data f o r  normothermic pe r iods  only .  

Hou rs normothermic 

Mean body tempera ture  (OC) 

Extreme range TB, a b s o l u t e  

degrees  

Mean hour ly  range T (OC) 

Coincidence of hour ly  

B 

a 

a 

m a x i m a  of T and metabolism 

minima of T and metabolism 

B 

B 

Time i n t e r v a l  (min) between 

B: extremes of metabolism and T 

between maxima 

between minima 

Mouse #B3 

15 

36.25 

34.2-37.8 

3.6 

1.5 

0.93 

0.81 

0.7 

1 .9  

Mouse #B4 

36 

35.58 

33.9-37.4 

3.5 

1.0 

0.79 

0.83 

2.3 

2.9 

a - c a l c u l a t e d  f o r  t hose  hours  when t h e r e  w a s  enough v a r i a t i o n  t o  

de t e rmine  c l e a r l y  minima and maxima 
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Table 3 .  Mean hourly metabolic rate and TB for E .  lonpimembris 

#B3 at TA 10°C. Data f o r  normothermic hours only .  

m l  02/ mouse/ h r  T ( O C )  -B- - n 

1 6 3 . 6  35.6 

2 6 6 . 4 - 6 8 . 2  35 .8  

- 

4 68 .3 -70  .O 35.9  

5 70.1-71.9 36 .4  

2 72.0- 73 .8  36.6  

1 74.8 37.1 
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t Table  4. Cooling c h a r a c t e r i s t i c s  of f r e sh ly  dead Perognathus spp.  

Spec ies  

g. longimembris 

- P. formosus 

- P. c a l i f o r n i c u s  

Body w t  
(g) 

8.18 

8.14 

21.70 

19.68 

19.51 

31.68 

28.18 

25.68 

Surf ace 
a reaa  (cm2) 

17.82 

17.76 

34.26 

32.09 

31.90 

44.14 

40.81 

38.35 

Coo 1 ing 
cons tan t  (K) 

0.0362 

0.0350 

0.0210 

0.0239 

0.0204 

0.0189 

0.0210 

0.0219 

Conductance 
2 (tal/ cm min OC) 

0.0138 

0.0133 

0.0110 

0.0134 

0.0104 

0.0133 

0.0120 

0.0122 

2 0.67 a - c a l c u l a t e d  a8,Surface area (cm 1 = 9 wt(g) 
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SECTION I1 

SUMMARY OF POCKET MOUSE 

HIBERNATION STUDIES 



I 

HIBERNATION CHARACTERISTICS I N  PEROGNATHUS LONGIMEMBRIS 

K y l l i k k i  Grubel 

I. INTRODUCTION 

It  has been e s t a b l i s h e d  t h a t  Perognathus longimembris has  a c i r c a d i a n  

rhythm of t o r p i d i t y  throughout  t h e  yea r  (Bartholomew e t  a l . ,  1957, Chew 

e t  a l . ,  1965). 

spontaneous ly  every  24 hours.  

days wi thout  a rous ing  when k e p t  i n  a c o l d  environment (+lO°C). 

The pocket m i c e  a r e  a b l e  t o  go i n t o  t o r p i d i t y  and a rouse  

They a l s o  may s t a y  i n  t o r p i d i t y  f o r  a few 

The p r e s e n t  work was des igned  t o  de te rmine  whether t h e r e  i s  a 

s e a s o n a l  f a c t o r  i n f l u e n c i n g  t h e  t o r p i d i t y  p a t t e r n  of  t h e  pocket mice 

and whether t h e i r  t o r p i d i t y  is comparable t o  t h e  h i b e r n a t i o n  phenomenon 

of t h e  " c l a s s i c a l "  h i b e r n a t o r s .  During t h e  f i r s t  p a r t  o f  a r o u s a l ,  t h e  

t r u e  h i b e r n a t o r s  m a i n t a i n  a d i f f e r e n t i a l  v a s o c o n s t r i c t i o n  i n  o r d e r  t o  

enhance t h e  r a p i d  rewarming of t h e  b r a i n  and t h e  v i t a l  organs i n  t h e  

tho rax .  T h e i r  brown f a t  performs a thermogenic r o l e  dur ing  a r o u s a l .  

And i n  most h i b e r n a t o r s ,  t h e  t h y r o i d  g l ands  a r e  i n v o l u t e d  dur ing  h i b e r -  

n a t i o n  season. Th i s  r e p o r t  summarizes t h e  r e s u l t s  of experiments i n  

p rogres s  designed t o  e s t a b l i s h  whether t h e s e  systems a r e  p r e s e n t  i n  

- P. longimembris and whether t h e r e  a r e  s e a s o n a l  v a r i a t i o n s  i n  t h e s e  

parameters .  

11. MATERIALS AND METHODS 

The animals used f o r  t h e  p re sen t  work were randomly chosen i n d i v i d u a l s  

of t h e  species E .  longimembris. 

t o  3% y e a r s ,  and bo th  males and females were used. 

t h e  mice had been kep t  i n  i n d i v i d u a l  one-ga l lon  j a r s ,  which conta ined  

about  one i n c h  of  sand. 

and 12  hours l i g h t - d a r k  photoper iod  was provided. 

mix tu re  of r o l l e d  o a t s ,  b i r d  seed  and sunflower seed  

o c c a s i o n a l  p i e c e  of l e t t uce  o r  apple ,  b u t  no water. 

c a p t u r e d  n e a r  Whitewater, C a l i f o r n i a .  

The age  of  t h e  animals v a r i e d  from 1% 
During t h e i r  c a p t i v i t y  

Ambient tempera ture  was h e l d  c o n s t a n t  a t  ca .  +22OC, 

The mice were f ed  a 

l i b i t u m  and an  

A l l  t h e  mice had been 
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A .  Blood flow r a t e  and c o l o n i c  tempera ture  dur ing  a r o u s a l  

1) Apparatus. A s c i n t i l l a t i o n  probe (Nuclear-Chicago DS 5 ) ,  which 

was connected t o  a r a t e -me te r  (Nuclear-Chicago 1620 B) and f u r t h e r  t o  a 

r e c o r d e r  (Nuclear-Chicago R lOOO), was p laced  i n  a v e r t i c a l  p o s i t i o n  

underneath a working t a b l e .  

was a s t anda rd  s i z e  ( 5  x 10 x 20 cm) l ead  b r i c k ,  w i t h  a 5 mm diameter  h o l e  

d r i l l e d  through i t s  c e n t e r .  The l ead  b r i c k  was topped by a f i t t e d  p ine -  

wood board. 

On t h e  t a b l e  above t h e  s c i n t i l l a t i o n  probe 

2 )  Method. When a n  experiment was s t a r t e d ,  a mouse was removed from 

i t s  j a r ,  and t i e d  o n t o  t h e  board v e n t r a l l y  i n  such  a p o s i t i o n  t h a t  t h e  

l e f t  t h i g h  w a s  d i r e c t l y  above t h e  5 mm h o l e  i n  t h e  l ead  b r i c k .  

probe was p laced  i n  t h e  co lon  (ca .  2 c m  deep)  t o  o b t a i n  a cont inuous  record  

of t h e  body tempera ture .  2 uc of 1131 i n  0.2 - 0.5 m l  of 0.9% NaCl s o l u -  

t i o n  was then  i n j e c t e d  i n t o  t h e  muscula ture  of t h e  l e f t  t h i g h  above t h e  

s c i n t i l l a t i o n  probe. The r e c o r d e r  t hus  provided a cont inuous  r eco rd  of  

A t h e r m i s t o r  

c l e a r a n c e  from t h e s e  p e r i p h e r a l  muscles,  t he reby  g i v i n g  an i n d i c a t i o n  

of t h e  blood f low r a t e  a t  s i t e .  

I n  handling t h e  d a t a  ob ta ined  from t h e s e  exper iments ,  t ime ze ro  was 

chosen t o  be  t h e  t ime of i o d i n e  i n j e c t i o n .  To ach ieve  t h e  tempera ture  

r eco rds  (Fig. 1 )  a r ead ing  was t aken  from t h e  o r i g i n a l  r eco rds  a t  5 min. 

i n t e r v a l s .  The i o d i n e  c l e a r a n c e  record  i n  t h e  a rous ing  mice formed a 

two-part  curve. The f i r s t  p a r t  i n d i c a t e d  n e g l i , g i b l e  blood flow. The 

second p a r t  showed a b r u p t  i n c r e a s e  i n  blood f low r a t e .  

was t aken  t o  i n d i c a t e  t h e  l e n g t h  of t i m e  t h a t  p e r i p h e r a l  v a s o c o n s t r i c t i o n  

was maintained. 

The p o i n t  of change 

3 )  Animals. One group o f  n i n e  mice was kep t  i n  normal room tempera- 

Two groups o f  m i c e  were p l aced  i n  a c o n s t a n t  t u r e  and used f o r  c o n t r o l s .  

t empera ture  room w i t h  a tempera ture  of + l O ° C  and a 12-hour l i g h t - d a r k  c y c l e .  

The f a l l  group (October, 6 mice) had food a t  w i l l .  The w i n t e r  group 

(February,  9 mice) was f i r s t  g iven  food, b u t  s i n c e  a f t e r  f o u r  days of 

c o l d  exposure on ly  one animal had become t o r p i d ,  t h e  food and sand were 

removed from t h e  j a r s .  

of one mouse t h a t  d i ed .  

The an imals  t hen  became t o r p i d ,  w i t h  t h e  excep t ion  

1 1 - 2  



B. Amount of brown fat 

For this study, each mouse was first weighed and then anesthetized 
with ether. All brown fat was removed from the moase and weighed imedi- 

ately. From these figures, the brown fat percentage of total body weight 
was calculated. 

Two groups of mice were studied: 1) a group of ten pocket mice kept 
in normal room temperature, with food - ad libitum; 2 )  a group of ten mice 
kept at +lO°C, with food libitum for three to six days before sacrifice. 

C. Histological appearance of the thyroid glands 

For these observations, the same individual mice were used as for 

Part B, brown fat measurements. Due to the small size of E .  longimembris, 
the removal of the thyroid glands was performed under the microscope. 

Also, in the subsequent handling of these tissues the small size called for 
special methods. When the tissues were embedded in paraffin, the following 

steps were taken: 

into colorless paraffin in a mold 3 x 3 x 2 m. 

peeled off the paraffin, and the small paraffin cube with the thyroid glands 
in it was subsequently embedded into colored paraffin in a regular size mold. 

the thyroid glands were embedded in the ordinary manner 
The aluminum foil was then 

The tissues were sectioned 6u thick and stained with hematoxylin and 
eosin. The diameter of the follicles and the thickness of the epithelium 
were measured. 

111. RESULTS 

A. Colonic temperature and peripheral vasoconstriction during arousal 
The results of these experiments are illustrated in Figures 1 and 2. 

The colonic temperature of the control mice stayed between +32OC and +36OC. 
No peripheral vasoconstriction was observed in these mice. 

The arousal of the torpid mice in October forms a colonic temperature 

curve characteristic of hibernating animals. There is definite vasocon- 
striction in the peripheries, the average time being 38.3 min. 
arousing mouse released the peripheral blood flow 15 min. after beginning 

of the experiment. The mouse with the longest arousing time maintained 
this vasoconstriction for 65 min. 

The fastest 

However, in February when the mice had to be starved before they 
would become torpid, only one out of eight mice aroused. The average time 
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of v a s o c o n s t r i c t i o n  was on ly  11.2 min. The on ly  mouse t h a t  d i d  a rouse ,  

rewarmed a t  about t h e  same r a t e  a s  t h e  s lowes t  a rous ing  mouse i n  October. 

This  mouse main ta ined  t h e  p e r i p h e r a l  v a s o c o n s t r i c t i o n  f o r  10 min. 

B. The amount of brown f a t  

The body weights ,  brown f a t  weights  and t h e  p e r c e n t  of brown f a t s  

r e l a t i v e  t o  body weights  a r e  shown i n  F igu re  3 .  A s  i s  seen  i n  t h i s  f i g u r e ,  

t h e  d i f f e r e n c e s  i n  t h e  body weights  and t h e  a b s o l u t e  brown f a t  weights  a r e  

n o t  s i g n i f i c a n t .  But t h e  r e l a t i v e  amount of brown f a t  i s  s i g n i f i c a n t l y  

l a r g e r  i n  t h e  c o l d  exposed m i c e .  

mice was 2.0 2 0.9% and i n  t h e  group of co ld  exposed mice 3 . 3  _" 0.4% of  

body weight.  

The amount of brown f a t  i n  t h e  c o n t r o l  

C. The thy ro id  g l ands  

The h i s t o l o g i c a l  appearance of t h e  t h y r o i d  g l ands  i s  d i f f e r e n t  i n  t h e  

two groups of  mice. I n  t h e  c o n t r o l  group, t h e  f o l l i c l e s  a r e  l a r g e  

(d iameter  59.5 - + 11.71.~) and f i l l e d  wi th  c o l l o i d .  

a r e  squamous, t h e  average  t h i c k n e s s  of t h e  e p i t h e l i u m  be ing  4.5 _+ 0 . 8 ~ .  

I n  g e n e r a l ,  t h e  t h y r o i d s  of t h e  c o n t r o l  group i n  t h e  l a t t e r  p a r t  of 

January  may be desc r ibed  a s  invo lu ted .  

The e p i t h e l i a l  c e l l s  

On the  o t h e r  hand, t h e  t h y r o i d  g l a n d s  of t h e  c o l d  exposed mice a t  

t h e  same t i m e  of t h e  yea r  appeared ve ry  a c t i v e .  

g l ands  were no t  organized  i n t o  f o l l i c l e s .  The c e l l s  were crowded, and 

l i t t l e  o r  no c o l l o i d  was p r e s e n t .  The remainder of  t h e  g l and  c o n s i s t e d  of 

sma l l  f o l l i c l e s  w i th  t h e  average  d i ame te r  of 38.9 5 6 .1  IL. The e p i t h e l i a l  

c e l l s  were c u b i c a l  o r  c y l i n d r i c a l  i n  shapg  and t h e  t h i c k n e s s  of e p i t h e l i u m  

was g r e a t e r  t h a n  i n  t h e  c o n t r o l  group, 9.9 i 1 . 7  11. The d a t a  a r e  i l l u s -  

t r a t e d  i n  F i g u r e  4 .  

i n  t h e i r  t hy ro id  g land  h i s t o l o g y .  

The c e n t e r  p a r t s  of t h e  

- 
It shows t h a t  t h e  two groups obv ious ly  have d i f f e r e n c e s  

I V .  DISCUSSION 

The purpose of t h i s  s t u d y  w a s  t o  de t e rmine  whether  t h e  phys io logy  o f  

t o r p o r  i n  E. longimembris i s  s i m i l a r  t o  t h e  phys io logy  of l l c l a s s i c a l l l  

h i b e r n a t o r s .  

permi t  any conc lus ive  deduc t ions .  But t h e y  do sugges t  ( 1 )  t h a t  1ong;i- 

membris does behave a s  a " c l a s s i c a l "  h i b e r n a t o r ,  and ( 2 )  t h a t  t h e r e  may 

b e  a seasona l  rhythm i n  t h e  t o r p i d i t y  p a t t e r n  of p. longimembris. 

a r o u s a l  p a t t e r n  and s imul taneous  p e r i p h e r a l  v a s o c o n s t r i c t i o n  s e e n  i n  

Obviously,  t h e  d a t a  a v a i l a b l e  a t  t h e  p r e s e n t  s t a g e  do no t  

The 
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I 

t h e s e  mice i n  October conf i rm t h e  hypothes is  t h a t  t h e  organism would have 

t h e  same types  of  p h y s i o l o g i c a l  mechanisms a s  has been observed by 

previous  a u t h o r s  (Bul la rd  e t  a l . ,  1962, Lyman e t  a l . ,  1963) i n  t h e  t r u e  

h i b e r n a t o r s .  The f a c t  t h a t  they  seem t o  be less a p t  t o  go i n t o  t o r p i d i t y ,  

a r e  unable  o r  ve ry  slow t o  a rouse  and ma in ta in  t h e i r  v a s o c o n s t r i c t i o n  f o r  

a r e l a t i v e l y  s h o r t  t i m e  when t r y i n g  t o  a rouse  i n  e a r l y  February i s  

p o s s i b l y  due t o  t h e  l a t e  season. Bartholomew e t  a l .  (1957) s t a t e  t h a t  t h e  

p o t e n t i a l i t y  f o r  h i b e r n a t i o n  ( o r  a e s t i v a t i o n )  i n  E .  longimembris presumably 

ex i s t s  throughout  t h e  y e a r ,  and t h a t  t h e r e  i s  no d i f f e r e n c e  i n  a r o u s a l s  

du r ing  t h e  yea r .  But he d i d  h i s  experiments between June  and September 

and aroused t h e  animals i n  room temperature,  whereas o u r  a r o u s a l  expe r i -  

ments were conducted i n  a n  ambient tempera ture  of +lO°C. These d i f f e r e n c e s  

i n  t h e  experiments would account f o r  t h e  d i f f e r e n t  r e s u l t s .  

of s e a s o n a l  e f f e c t s  on t h e  t o r p i d i t y  p a t t e r n  of - P. longimembris has  been 

p r e v i o u s l y  sugges ted  by Chew e t  a l .  (1963). They found t h a t  E .  longimem- 

- b r i s  k e p t  a t  + lO°C f o r  n i n e  months on a c o n s t a n t  12-hr photoperiod showed 

t h e  greatest  i n c i d e n c e  of t o r p i d i t y  i n  t h e  w i n t e r .  The works of o t h e r  

a u t h o r s  have po in ted  towards t h e  p o s s i b i l i t y  of p e r i p h e r a l  v a s o c o n s t r i c -  

t i o n  du r ing  a r o u s a l  i n  pocket mice. E isenberg  (1963) says  t h a t  du r ing  

a rousa1 ,coord ina t ion  i s  a t t a i n e d  f i r s t  i n  t h e  fo re l imbs  w h i l e  c o n t r o l  over  

t h e  h i n d q u a r t e r s  l a g s  some minutes behind. Bartholomew e t  a l .  (1957) 

found t h a t  r e c t a l  t empera ture  lagged s l i g h t l y  behind t h e  o r a l  t empera ture  

d u r i n g  a r o u s a l .  Our r e s u l t s  seem t o  conf i rm t h e s e  s t a t emen t s .  

The p o s s i b i l i t y  

S e v e r a l  a u t h o r s  have s t a t e d  t h a t  t h e  t h y r o i d  g l ands  a r e  i n v o l u t e d  

d u r i n g  h i b e r n a t i o n  (e.g. ,  Kayser, 1961; Hoffman, 1964). The appearance 

of  t h e  t h y r o i d  g l ands  of t h e  c o n t r o l  group i n  l a t e  January  seem t o  a g r e e  

w i t h  t h i s .  

a c t i v e .  

t e n d  t o  ma in ta in  t h e i r  n o m 1  body tempera ture  r a t h e r  t han  go i n t o  h i b e r -  

n a t i o n  under exposure t o  t h e  stress of a c o l d  environment. But i f  t h i s  

would be  t h e  case, i t  would mean t h a t  t h e r e  i s  some d i f f e r e n c e  i n  t h e  

sys t em of h i b e r n a t i o n  and a e s t i v a t i o n .  Th i s  would be t h e  o p p o s i t e  of 

what Bartholomew e t  a l .  (1957) s t a t e s .  There i s  disagreement among 

v a r i o u s  a u t h o r s  as t o  t h e  s t a t e  of t h e  t h y r o i d  g l ands  du r ing  h i b e r n a t i o n ,  

and Kayser  (1961) concludes : 

The t h y r o i d  g l ands  of  t h e  c o l d  exposed mice appeared more 

Th i s  might be  expla ined  by t h e  l a t e  season  when t h e  mice would 

"Hibernation i s  u s u a l l y  accompanied by a n  
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underfunct ioning  of t h e  t h y r o i d ,  b u t  small s i z e d  h i b e r n a t o r s  may h i b e r n a t e  

even though t h e i r  t h y r o i d s  show t h e  morphological s i g n s  of a c t i v e  g lands  

and though t h e i r  blood c o n t a i n s  a c t i v e  forms of i o d i n e  e l a b o r a t e d  by t h e  

thy ro id .  

The importance of  brown f a t  t o  h i b e r n a t o r s  du r ing  t h e i r  a r o u s a l  has 

been shown by Smith and Hock (1963) and Kauppinen e t  e l .  (1964, a b s t r . ) .  

Our d a t a  on t h e  amount of brown f a t  i n  2. longimembris show t h a t  t h e s e  

mice have a r e l a t i v e l y  l a r g e  amount of  brown f a t  and t h a t  t h e i r  brown 

f a t  r e a d i l y  responds t o  c o l d  s t imu lus .  

V. SUMMARY 

1) The a r o u s a l  from t o r p i d i t y  was s t u d i e d  i n  - P. longimembris i n  

October and e a r l y  February.  During a r o u s a l ,  t h e  c o l o n i c  t empera tu re  and 

t h e  blood flow r a t e  i n  a h ind  limb were observed. I n  October,  t h e  temper- 

a t u r e  increment formed a curve ,  which i s  t y p i c a l  of f f c l a s s i c a l f '  h i b e r n a t i n g  

mamnals. The blood f low r a t e  i n  t h e  h ind  limb i n d i c a t e d  p e r i p h e r a l  vaso- 

c o n s t r i c t i o n .  I n  February ,  seven o u t  of e i g h t  mice f a i l e d  t o  a rouse .  

T h e i r  p e r i p h e r a l  v a s o c o n s t r i c t i o n  was main ta ined  f o r  a r e l a t i v e l y  s h o r t  

time, i f  a t  a l l .  

2 )  The amount of brown f a t  and t h e  h i s t o l o g i c a l  appearance of t h e  

t h y r o i d  g lands  were s t u d i e d  i n  l a t e  January .  

c o n t r o l  animals was 2.0% of body weight.  I n  c o l d  exposed m i c e ,  i t  was a s  

much as 3.3%. The t h y r o i d  g l ands  i n  c o n t r o l  mice appeared p a s s i v e  and 

i n  c o l d  exposed m i c e ,  a c t i v e .  

The amount of  brown f a t  i n  

I 

3 )  The s p a r s e  d a t a  do n o t  a l low d e f i n i t e  c o n c l u s i o n s ,  bu t  t h e  resul ts  

of  t h e s e  experiments s u g g e s t  t h a t  t h e  phys io logy  of  t o r p o r  i n  41. longimem- 

- b r i s  i s  similar t o  t h a t  o f  " C l a s s i c a l f '  h ibe rna to r s ,  and t h a t  t h e r e  i s  a 

possibility of  a s e a s o n a l  f a c t o r  a f f e c t i n g  t h e i r  t o r p i d i t y  p a t t e r n .  
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PRELIMINARY REPORT OF FREE RUNNING RHYTHMS 
OF BODY TEMPERATURE I N  PEROGNATHUS LONGIMEMBRIS AT 22OC AND 1 0 ° C  

Page Hayden 

I .  INTRODUCTION 

The s tudy o f  h i b e r n a t i o n  has  b o t h  a p h y s i o l o g i c a l  and a temporal f a c e t .  

The y e a r l y  l i f e  c y c l e  of  a l1typical1l h i b e r n a t o r  involves  t h r e e  major segments:  

1) p r e p a r a t i o n  f o r  h i b e r n a t i o n ,  2)  h i b e r n a t i o n ,  and 3 )  a r o u s a l  and reproduct ion .  

During t h e  h i b e r n a t i o n  p e r i o d ,  t h e  t y p i c a l  hypothermic s t a t e  i s  broken per iod-  

i c a l l y ,  and t h e  body tempera ture  i s  r a i s e d  t o  normal. These a r o u s a l s  occur  i n  

a rhythmic manner every  few days o r  weeks, depending on t h e  s p e c i e s  and environ-  

mental  condi t ions .  

h i b e r n a t i n g  s t a t e  a r e  d i f f e r e n t  phenomena from t h e  o v e r a l l  y e a r l y  c y c l e  of 

h i b e r n a t i o n  vs .  normal a c t i v i t y .  

These rhythmic a r o u s a l s  w i t h  immediate r e - e n t r y  i n t o  t h e  

The L i t t l e  Pocket Mouse (Perognathus longimembris) undergoes c y c l i c  

p e r i o d s  of depressed metabolism of a c i r c a d i a n  n a t u r e  (Chew, Lindberg and 

Hayden, 1965) and a l s o  a n  annual  c y c l e  of i n c r e a s e d  e x p r e s s i o n  of t h i s  rhythm 

i n  any given number of animals  (unpubl ished o b s e r v a t i o n  i n  t h e  l a b o r a t o r y )  

which corresponds w i t h  f i e l d  o b s e r v a t i o n s .  I n  n a t u r e ,  t h e s e  animals  d i s a p p e a r  

from above ground a c t i v i t i e s  from October  u n t i l  l a t e  January  and have been 

thought t o  h i b e r n a t e .  It was t h e  purpose of  t h i s  phase o f  t h e  s tudy  t o  docu- 

ment t h e  metabol ic  rhythm of t o r p o r  and a c t i v i t y  under  c o n d i t i o n s  more c l o s e l y  

resembling t h o s e  found i n  n a t u r e  t h a n  p r e v i o u s l y  used.  The most p e r t i n e n t  

f a c t o r s  a r e :  t i m e  of y e a r ,  s u r p l u s  of food, c o n s t a n t  d a r k ,  i s o l a t i o n  from 

n o i s e  and low temperature .  

11. METHODS AND MATERIALS 

The experimental  p l a n  was t o  c o n s t a n t l y  moni tor  t h e  body temperature  of  

a group of pocket mice t h a t  were t o  b e  main ta ined  i n  dark  a t  t h r e e  tempera- 

t u r e  l e v e l s  (22OC, 1 0 ° C  and 5OC) f o r  t h r e e  weeks a t  each l e v e l .  Temperature 

monitor ing t e l e m e t e r s  were s u r g i c a l l y  implanted w i t h i n  t h e  p e r i t o n e a l  c a v i t y  

and were not t i e d  t o  any organ. The animals  were al lowed t o  r e c u p e r a t e  from 

t h e  implanta t ion  f o r  8 days,  by which t i m e  t h e  i n c i s i o n  had hea led ,  and t h e  

animal appeared t o  b e  normal. They were t h e n  h e l d  f o r  7 days a t  22OC w i t h  a 

12 hour l i g h t  (0600-1800) and 12  hour d a r k  (1800-0600) photoperiod.  Animals 

used i n  t h i s  experiment were s e l e c t e d  because  f r e q u e n t  o b s e r v a t i o n s  i n d i c a t e d  

a tendency t o  p e r i o d i c  t o r p o r .  
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I 

A l l  exper imenta l  chambers were provided wi th  a h a l f - i n c h  s u b s t r a t e  of 

d e s e r t  sand ,  35  gm of sunf lower  seeds and a handfu l  of d r y  g r a s s  f o r  bedding. 

The i n d i v i d u a l  animal chambers were p laced  i n  a l i g h t - p r o o f  c o n s t a n t  temper- 

a t u r e  room and were semi - i so l a t ed  from each o t h e r  by open f r o n t  boxes con- 

s t r u c t e d  of a c o u s t i c a l  t i l e .  A f t e r  29 days of cont inuous  i s o l a t i o n ,  t h e  food 

supply  was r ep len i shed  and a sma l l  amount of d ry  g r a s s  added. Ent ry  i n t o  t h e  

c o n s t a n t  tempera ture  room was made with t h e  a i d  of a ruby red  l i g h t  (photo- 

g r a p h i c  s a f e  l i g h t )  and c a r e  was taken t o  keep d i r e c t  i l l u m i n a t i o n  of animals 

a t  a minimum. Previous expe r i ence  has i n d i c a t e d  t h a t  Perognathus cannot 

e n t r a i n  t o  t h i s  p o r t i o n  of  t h e  spectrum o r  i n t e n s i t y  of  i l l u m i n a t i o n .  T o t a l  

e n t r y  t i m e  was about 7 minutes.  

The animals were k e p t  a t  5 O C  longer than  t h e  a l l o t t e d  t i m e  pe r iod .  

However, because of  m u l t i p l e  f a i l u r e s  of a p o r t i o n  of t h e  d a t a  record ing  sys -  

t e m ,  u n r e l i a b l e  d a t a  were ob ta ined  dur ing  t h e  5OC p o r t i o n  of t h e  experiment. 

It i s  s i g n i f i c a n t ,  however, t h a t  t h e  animals a t  5OC d i d  undergo p e r i o d i c  

t o r p o r  and su rv ived  t h e  36-day exposure. 

111. RESULTS 

Two animals w e r e  found dead when t h e  chamber was en te red  on t h e  29th  

One animal had escaped from i t s  moni tor ing  chamber and presumably had day. 

s t a r v e d .  

obvious cause  of dea th .  

The o t h e r  animal was dead i n  i t s  moni tor ing  chamber, w i t h  no 

Food consumption: A t  t h e  t e rmina t ion  of t h e  experiment,  t h e  remaining f i v e  

mice appeared t o  be  i n  e x c e l l e n t  h e a l t h ,  even though a g e n e r a l  weight l o s s  

w a s  no ted .  A l l  animals l o s t  weight,  w i t h  an  average  of 1.3 gm ( range  0.8 - 
1.8 gm). 

t h r e e  of t h e  f i v e  consuming approximately 23.7 gm of sunf lower  seeds  dur ing  

t h e  86 days o f  t h e  t o t a l  experiment. 

foodlday  a r e  1 /3  t o  115 of  t h e  amount r equ i r ed  by t h e  animals t o  ma in ta in  

normal body tempera ture .  

Food consumption averaged 21.1 gm ( range  14.8 - 23.8 gm) w i t h  

These range va lues  of 0.17 - 0.27 gm 

Sequence and d u r a t i o n  of t o r p o r :  

d e f i n e d  as t h e  d e c l i n e  i n  body temperature t o  w i t h i n  one o r  two degrees  

above t h e  ambient tempera ture ,  22OC and 10°C r e s p e c t i v e l y .  

a r o u s a l  from t o r p o r  d u r i n g  a 24-hr pe r iod  a r e  p l o t t e d  i n  F i g u r e  1. Pe r iods  

o f  t o r p o r  were observed i n i t i a l l y  dur ing  t h e  l i g h t  po,rt ion of t h e  regimen 

and were g e n e r a l l y  ev iden t  by t h e  f o u r t h  o r  f i f t h  day. 

24D was i n i t i a t e d  on t h e  7 t h  day, a l l  animals e x h i b i t e d  d a i l y  pe r iods  of 

For t h e  purpose c f  t h i s  paper ,  t o r p o r  i s  

The onse t  and 

A f t e r  t h e  c o n s t a n t  
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t o rpo r .  

per iod .  

day 30, Fig. 1). 

These t o r p o r  p e r i o d s  l a s t e d  from f o u r  hours  t o  t h e  e n t i r e  24-hr 

I n  some cases, m u l t i p l e  pe r iods  of t o r p o r  were observed ( # 5  on 

The d u r a t i o n  of  s e q u e n t i a l  pe r iods  of  t o r p o r  i s  p l o t t e d  i n  F igu re  2. 

I t  appears  t h a t  t h e  p e r i o d s  of t o r p o r  p r o g r e s s i v e l y  lengthen  u n t i l  about  

t h e  8 t h  o r  9 t h  day; however, one animal reached a p l a t e a u  a f t e r  f o u r  p e r i o d s  

of t o r p o r  (#3,  F ig .  2 ) .  

4200 minutes (72 hour s )  a t  10°C. One animal  e x h i b i t e d  f i v e  s e q u e n t i a l  

pe r iods  of t o r p o r  of ove r  3700 minutes  (61  hours )  each.  A t  22OC, 69% of  

t h e  t o r p o r  pe r iods  were from 200 t o  800 minutes (3-13 hour s ) ,  w i t h  30% 

being  from 400 t o  600 minutes  (6.6-10 h o u r s ) ,  and 9% were from 1800 t o  

2200 minutes (30-36 hours) .  A t  1 0 ° C ,  24% of  t o r p o r  p e r i o d s  were from 200 

t o  800 minutes ,  32% were g r e a t e r  t h a n  2200 minutes  (= max t i m e  i n  t o r p o r  a t  

22OC) and 11% were from 3600-4200 minutes  (60-70 hour s ) .  

The maximum t i m e  s p e n t  i n  cont inuous  t o r p o r  was 

A dec rease  i n  ambient tempera ture  and concomi t tan t  dec rease  i n  t h e  

u l t i m a t e  body tempera ture  du r ing  t o r p o r  does no t  i n i t i a l l y  i n c r e a s e  t h e  

l e n g t h  of  t o r p o r  e x h i b i t e d  by t h e  animal .  Four of t h e  f i v e  animals  r e a c t e d  

t o  t h e  decrease  i n  ambient tempera ture  (from 22OC t o  10°C) w i t h  a dec rease  

i n  d u r a t i o n  of  t o r p o r  (compared t o  t h e  d u r a t i o n  of t o r p o r  a t  22OC). 

dec rease  i n  d u r a t i o n  of  t o r p o r  i s  ev iden t  f o r  3-5 t o r p o r  p e r i o d s  a f t e r  t h e  

temperature  change. Two animals  (F ig .  2 ,  # 3  and $17) were unusual  i n  t h a t  

they  underwent two l eng ths  of t o r p o r  p e r i o d s ,  approximate ly  600 minutes  and 

1600-2000 minutes ,  du r ing  t h e  22OC ambient  tempera ture .  The long p e r i o d s  

were g e n e r a l l y  s e p a r a t e d  by one o r  two s h o r t  p e r i o d s .  

(113) was unique i n  t h e  r e l a t i v e l y  long t o r p o r  p e r i o d  t h a t  was main ta ined  

du r ing  both t h e  2 2 O C  and 1 0 ° C  tempera ture  regimens.  T h i s  long p e r i o d ,  

however, was ev iden t  less f r e q u e n t l y  a t  22OC t h a n  a t  1 0 ° C .  A t  t h e  l a t t e r  

temperature ,  i t  was t h e  d a i l y  mode. Another  animal  (#6, Fig .  2 )  main ta ined  

a r e l a t i v e l y  c o n s t a n t  s h o r t  d u r a t i o n  of  t o r p o r  i n  bo th  22OC and 1 0 ° C .  I n  

g e n e r a l ,  as was expec ted ,  t h e  d u r a t i o n  o f  t o r p o r  w a s  prolonged i n  1 0 ° C  

as compared t o  2 2 O C .  

This  

One of  t h e s e  animals  

The t i m e s  of e n t r y  and a r o u s a l  from t o r p o r  a r e  d i s t i n c t i v e  p o i n t s  i n  

t h e  l i f e  processes  of t h i s  animal  and can b e  used as  phase  markers  of  t h e  

metabol ic  c i r c a d i a n  rhythm. I n  t h e  22OC tempera tu re  regimen, e n t r y  and 

a r o u s a l  from t o r p o r  had a s t r o n g ,  we l l -de f ined  rhythm ( e - g . ,  F i g .  3 ) .  
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Severa l  days a f t e r  t h e  t e rmina t ion  of  t h e  12L-12D l i g h t  regimen and commence- 

ment of c o n s t a n t  da rk ,  a l l  en t e red  i n t o  f r ee - runn ing  me tabo l i c  rhythms. 

These f r ee - runn ing  pe r iods  v a r i e d  from 22 h r s  t o  23  h r s  and 41  minutes.  

The a r o u s a l  from t o r p o r  seemed t o  be  a more p r e d i c t a b l e  and c o n s i s t e n t  

marker t h a n  e n t r y  a t  ambient tempera ture  of 22OC. 

10°C on day 29 a p p a r e n t l y  caused a s e v e r e  d i s t u r b a n c e  i n  t h e  p a t t e r n  of a 

s t a b l e  p e r i o d i c i t y .  One animal (Fig.  4 )  rega ined  a we l l -de f ined  s t a b l e  

p a t t e r n  a f t e r  showing a d i s t u r b a n c e  f o r  about  seven t o  e i g h t  days. 

an imals  changed from a less t h a n  24-hr rhythm t o  a g r e a t e r  t h a n  24-hr 

rhythm. 

tempera ture  change and was a t r a n s i e n t  phenomenon l a s t i n g  about  seven days. 

The tempera ture  drop t o  

Seve ra l  

With one animal,  it was not  man i fe s t ed  u n t i l  f i v e  days a f t e r  t h e  

The a r o u s a l  of an  animal a t  a t i m e  i n  phase wi th  t h e  e s t a b l i s h e d  

c i r c a d i a n  rhythm a f t e r  one o r  two days i n  a con t inuous ly  hypothermic s t a t e  

was a r a t h e r  comnon occurrence ,  and i n  some animals had a n  amazing accuracy  

(F ig .  1, #4, 10°C, body tempera ture  = - 1 l O C ) .  

Table  I i s  a summary of f r ee - runn ing  p e r i o d s  c a l c u l a t e d  from b o t h  e n t r y  

and a r o u s a l  from t o r p o r  and s u b j e c t i v e  e s t i m a t e s  of t h e  accuracy  of  t h e  

rhythm by t h e  two phase markers.  

t empera tu re  d e c r e a s e  a r e  evidenced by polyphas ic  n a t u r e  of  f r ee - runn ing  

p e r i o d  and by g r o s s  changes i n  l e n g t h  of per iod .  I n  a l l  b u t  one i n d i v i d u a l  

t h e r e  was a d e g r a d a t i o n  of accuracy of t h e  rhythm. 

T r a n s i e n t s  of rhythms induced by t h e  

IV. DISCUSSION 

Th i s  s t u d y  a g a i n  emphasizes t h e  me tabo l i c  l a b i l i t y  of  E. longimembris 

(Chew, Lindberg and Hayden, 1965). Prolonged pe r iods  of  n a t u r a l  t o r p o r  

w e r e  evidenced when t h e  animal was n o t  s t r e s s e d ,  i . e . ,  food was provided 

i n  excess a t  a l l  t i m e s ,  n a t u r a l  s u b s t r a t e  and bedding m a t e r i a l  a v a i l a b l e ,  

a r e a s o n a b l e  degree  of i s o l a t i o n ,  t empera tu re  r e l a t i v e l y  h igh  and normal 

gaseous  atmosphere. The metabol ic  l a b i l i t y  probably r e f l e c t s  t h e  seasona l  

c y c l e  of h i b e r n a t i v e  behavior  of  t h i s  s p e c i e s ,  a l though it appears  i n  some 

an ima l s  throughout t h e  yea r .  The experiment was c a r r i e d  o u t  dur ing  t h a t  

p o r t i o n  of t h e  y e a r  when mice i n  t h e  f i e l d  are  absen t  from a c t i v i t y  above 

ground (i .e. ,  cannot  be  t r apped)  and presumably a r e  undergoing pe r iods  of 

reduced metabolism (Chew and But te rwor th ,  1964). 
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The d u r a t i o n  of i n d i v i d u a l  t o r p o r  pe r iods  ( h i b e r n a t i o n )  was longe r  i r ?  

t h i s  experiment t h a n  has been observed i n  p rev ious  experiments.  

mental  c o n d i t i o n s  of i s o l a t i o n  from p e r i o d i c  n o i s e ,  c o n s t a n t  da rk ,  s u r p l u s  

food, s u f f i c i e n t  t i m e  t o  acc l ima te  and t i m e  of yea r  probably c o n t r i b u t e d  t o  

t h e  maximum t i m e  s p e n t  i n  t o r p o r .  

r e p r e s e n t  t h e  l i m i t s  o f  n a t u r a l  continuous hypothermia t h a t  t h i s  small 

mammal can  undergo a t  an  ambient tempera ture  of 10°C. It  was u n f o r t u n a t e  

t h a t  ve ry  l i t t l e  d a t a  were der ived  from t h e  5OC p o r t i o n  of t h e  experiment,  

bu t  t h e r e  was a s t r o n g  i n d i c a t i o n  t h a t  d u r a t i o n ' o f  t o r p o r  was i n c r e a s e d ,  and 

t h e  c i r c a d i a n  component of a r o u s a l  w a s  s t i l l  i n  o p e r a t i o n  a t  t h i s  tempera ture .  

The weight l o s s  of t h e  animals was g r e a t e r  t han  expected bu t  d i d  n o t  appear  

t o  a f f e c t  t h e  g e n e r a l  w e l l  being of t h e  animals.  A t  t h e  t e r m i n a t i o n  of t h e  

experiment,  a l l  had s l e e k  c o a t s ,  b r i g h t  eyes ,  showed normal a c t i v i t y  and 

a r e  s t i l l  l i v i n g .  It i s  p o s s i b l e  t h a t  t h e r e  was p r e f e r e n t i a l  u s e  of body 

f a t  a s  an  energy source ,  even though food was a v a i l a b l e  a t  a l l  t i m e s .  

I t  i s  imposs ib le  t o  t e l l  i f  t h e  weight l o s s  was g radua l  o r  i f  it was l o s t  

i nc remen ta l ly  w i t h i n  t h e  t h r e e  tempera ture  regimens. 

The expe r i -  

The observed maximum of 70 h r s  may 

When a t y p i c a l  h i b e r n a t o r  (ground s q u i r r e l )  e n t e r s  h i b e r n a t i o n ,  i t  

undergoes p e r i o d s  of  body tempera ture  dep res s ion  known a s  " t e s t -d rops" .  

These drops  occur  ove r  a pe r iod  o f  a few days t o  weeks and a r e  c h a r a c t e r i z e d  

by each drop be ing  s l i g h t l y  lower i n  tempera ture  t h a n  t h e  prev ious  one. 

It i s  thought  t h a t  t h e s e  drops  a r e  a k ind  of acc l ima t ion  of me tabo l i c  

p rocesses  a s s o c i a t e d  wi th  h i b e r n a t i o n  and a r o u s a l  (Strumwasser, 1960). 

The pocket m i c e  used i n  t h i s  experiment probably  had undergone t e s t  

d rops  necessa ry  t o  go t o r p i d  i n  an ambient tempera ture  of 2 2 O C .  It i s  

i n t e r e s t i n g  t o  n o t e ,  however, t h a t  i n  most c a s e s  t h e r e  was a s e q u e n t i a l  

i n c r e a s e  i n  d u r a t i o n  of t o r p o r  a t  t h e  beginning  of t h e  exper imenta l  pe r iod ,  

and t h i s  may r e p r e s e n t  a k ind  of temporal k h e c k o u t "  of prolonged hypo- 

the rmic  metabolism and func t ion ing  of a r o u s a l  processes  wi th  t i m e .  

The change from 22OC t o  10°C g e n e r a l l y  d i d  no t  immediately i n c r e a s e  

t h e  d u r a t i o n  of t o r p o r ,  b u t  decreased t h e  t i m e  i n  t o r p o r  f o r  s e v e r a l  days.  

The f i r s t  t o r p i d  pe r iod  of  one animal (Fig.  2 ,  #5) was c h a r a c t e r i z e d  by a 

series of e n t r i e s  and a r o u s a l s  from t o r p o r  a s  i f  t h e  an ima l ' s  t empera ture  

dropping  below a c r i t i c a l  l e v e l  irmnediately aroused t h e  animal t o  normal 
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body temperature .  

t h e  animal t o  t h e  new low temperature .  

I t  is  p o s s i b l e  t h a t  t h e s e  were " tes t -drops ' l  t o  acc l ima te  

It has  been sugges ted  i n  t h e  l i t e r a t u r e  (Twente and Twente, 1965) t h a t  

d u r a t i o n  of  h i b e r n a t i o n  i s  a d i r e c t  f u n c t i o n  of  body tempera ture  du r ing  

h ibe rna t ion .  The a r o u s a l  from h i b e r n a t i o n  might be  i n i t i a t e d  by a b u i l d  up 

of s p e c i f i c  m e t a b o l i t e s  (Pengel ley  and F i s h e r ,  1961) as t h e  r a t e  of  meta- 

bo l i sm i s  governed by t h e  tempera ture  of  t h e  t i s s u e s .  I f  t h i s  i s  t r u e  i n  

pocket  mice, i t  i s  d i f f i c u l t  t o  e x p l a i n  how t h e  d u r a t i o n  of  t o r p o r  could  

be  increased  from 4 t o  6 t i m e s  i n  some animals ,  when t h e  tempera ture  was 

decreased from 22OC t o  10°C, and y e t  i n  o t h e r  animals  t h e  d u r a t i o n  inc reased  

on ly  2 times. One animal  (Fig.  2,  # 3 )  had a d u r a t i o n  of t o r p o r  i n  22OC 

t h a t  was more t y p i c a l  of  t h a t  shown i n  1 0 ° C .  This  would i n d i c a t e  t h a t  t h e  

animal  could e i t h e r  l i m i t  t h e  p roduc t ion  o f  t h e  s p e c i f i c  m e t a b o l i t e s  i n -  

volved with a r o u s a l  o r  could  r e g u l a t e  t h e  t h r e s h o l d  of  t h e  m e t a b o l i t e  

s e n s o r ( s ) .  

f u n c t i o n  of when t h e  animal a rouses ,  as evidenced,  f o r  example, by animal #4, 

F ig .  1, day 30-49. I t  a p p a r e n t l y  made l i t t l e  d i f f e r e n c e  i f  t h e  animal  was 

t o r p i d  f o r  one day o r  two days,  f o r  a r o u s a l  occu r red  a t  t h e  a p p r o p r i a t e  

t i m e  with regard t o  t h e  prev ious  a r o u s a l .  The p resence  of a c i r c a d i a n  

rhythm i n  t h i s  species has  been documented (Chew, Lindberg and Hayden, 

19651, and t h e  p r e s e n t  d a t a  i n d i c a t e  t h a t  t h e  rhythm f u n c t i o n s  du r ing  

extended p e r i o d s  of t o r p o r  w i t h  body tempera tures  of  l l ° C .  

The d u r a t i o n  of hypometabolism does n o t  seem t o  be  a d i r e c t  

V. SUMMARY 

1. Perognathus longimembris undergo d a i l y  p e r i o d s  of t o r p o r  even 

when no t  s t r e s s e d ,  i .e. ,  food p l e n t i f u l  and tempera tures  r e l a t i v e l y  h igh .  

2 .  A cont inuous t o r p o r  of about  3 days w a s  observed a t  10°C and may 

r ep resen t  a maximum f o r  t h i s  s p e c i e s  a t  t h i s  tempera ture .  

3 .  A per iod  of  i n c r e a s i n g  d u r a t i o n  of t o r p o r  was observed a t  t h e  

beginning of  t h e  experiment  and may r e p r e s e n t  tempora l  " tes t -drops" .  

4 .  An ambient t empera tu re  d e c r e a s e  o f  12OC i n i t i a l l y  decreased  

t h e  d u r a t i o n  of  t o r p o r .  

5. A t  an ambient tempera ture  of  1 0 ° C ,  t h e  d u r a t i o n  o f  t o r p o r  was from 

2 t o  6 times longe r  t h a n  a t  22OC. 
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6. A strong circadian rhythm is involved in the time of arousal 

from a deep torpor (hibernation). 

7 .  The temperature change resulted in a disturbance of the circadian 

rhythm and was, in genera1,less precise at the lower temperature. 
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Figure  1 - Torpor pe r iods  of Perognathus longimembris main ta ined  wi th  

excess  food, c o n s t a n t  dark ,  i n  i s o l a t i o n ,  du r ing  two tempera ture  regimens. 

The dark b a r  r e p r e s e n t s  t h e  pe r iod  of t h e  day i n  which body tempera ture  

was near  ambient tempera ture ,  and t h e  absence of t h e  b a r  r e p r e s e n t s  

normal body temperature .  
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Figure  2 - Durat ion of i n d i v i d u a l  t o r p o r  p e r i o d s  of P. longimembris - 
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Figure  3 - The t i m e s  of e n t r y  and a rousa l  from t o r p o r  of E .  longimembris 

#4 dur ing  two temperature regimens. Note decrease  of per iod  l eng th  i n  

10°C ambient and maintenance of accu ra t e  rhythm. 
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Figure 4 - The times of entry and arousal from torpor of 11. longimembris 

#6 during two temperature regimens. Note disturbance of rhythm at 

temperature change and re-establishment after about 10 days. 
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ANATOMY OF THE BRAIN OF PEROGNATHUS LONGIMEMBRIS 

Kyl l ikk i  Grubel 

I .  INTRODUCTION 

When an animal e n t e r s  h ibe rna t ion ,  c e r t a i n  changes t a k e  p l a c e  i n  i t s  

The body temperature  decreases  from normothermic l e v e l s ,  body func t ions .  - 3 7 O C ,  down t o  0-2OC above t h e  ambient temperature.  

and b a s a l  metabol ic  r a t e  dec l ine .  Heat product ion d isappears .  Heart  r a t e  

and r e s p i r a t o r y  r a t e  decrease .  

observed to  t ake  p l a c e  v a r i e s  somewhat from s p e c i e s  t o  s p e c i e s ,  bu t  body 

temperatures appear t o  be subse rv ien t  t o  t h e  changes i n  r e s p i r a t i o n ,  h e a r t  

r a t e  o r  oxygen consumption (Hoffman, 1964). These phenomena a r e ,  however, 

on ly  a r e su l t ,  no t  t h e  cause,  of e n t r y  i n t o  h ibe rna t ion .  

h ibe rna t ion  i s  not  a s imple pas s ive  abandonment of temperature  r e g u l a t i o n ,  

bu t  r a t h e r  thermoregulatory mechanisms become read jus t ed  a t  t h i s  t ime. 

It has been suggested t h a t  t h e s e  changes can  be mediated only  v i a  t h e  

autonomic nervous system. C e r t a i n  biochemical adjustments  o r  a process  

of acc l ima t i za t ion  t akes  p l a c e  i n  t h e  c e n t r a l  nervous system of t h e  prepared 

h iberna tor .  

Oxygen consumption 

The o r d e r  i n  which t h e s e  th ings  can be 

Entry i n t o  

A s  h ibe rna t ion  ensues,  c e r t a i n  s p e c i f i c  s t r u c t u r e s  o r  pathways a r e  

s t imu la t ed  t o  r e g u l a t e  and coord ina te  t h e  phys io log ica l  changes a s  tempera- 

t u r e s  drop. Throughout h ibe rna t ion ,  t h e  p e r i p h e r a l  nervous system appears  

t o  have an increased  s e n s i t i v i t y  t o  c e r t a i n  s t i m u l i .  

c e r t a i n  s u b c o r t i c a l  a r e a s  remain f u n c t i o n a l ,  ensur ing  r e g u l a t i o n  of 

temperature and of  c a r d i a c  and r e s p i r a t o r y  func t ion ,  w h i l e  t h e  h ighe r  

c e n t e r s  become reduced i n  a c t i v i t y  bu t  may ma in ta in  a c e r t a i n  minimal 

f u n c t i o n  (Hoffman, 1964). The tempera ture  r e g u l a t i o n  i s  governed p r imar i ly  

by t h e  thermodetectors of t h e  hypothalamus, and i t  i s  p o s s i b l e  t h a t  some 

biochemical changes t a k e  p l a c e  i n  t h i s  area of t h e  b r a i n  p r i o r  t o  the  e n t r y  

i n t o  h iberna t ion .  These s p e c u l a t i v e  biochemical  changes i n  t h e  hypothalamus 

may be t h e  t r i g g e r i n g  f a c t o r  f o r  e n t r y  i n t o  h ibe rna t ion .  

During t h i s  pe r iod ,  
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Much more f a c t u a l  information i s  a v a i l a b l e  on t h e  a rousa l  phase of 

h ibe rna t ion  than  on t h e  e n t r y  phase. 

and brown f a t  temperature ,  h e a r t  r a t e ,  r e s p i r a t o r y  r a t e  and ca rd iac  output  

i nc rease  r ap id ly .  Pe r iphe ra l  vasocons t r i c t ion  res t r ic ts  t h e  increased  

blood flow most ly  t o  t h e  h e a r t  muscle, brown f a t ,  and r e s p i r a t o r y  muscles 

and poss ib ly  t h e  b r a i n  (Bul la rd  and Funkhouser, 1962). The thermogenic 

brown f a t  t i s s u e  rewarms t h e  blood c i r c u l a t i n g  through it  (Smith and Roberts ,  

1964), and thus  a i d s  i n  t h e  rap id  rewarming of h e a r t ,  b r a i n  and r e s p i r a t o r y  

muscles. The important  r o l e  of brown f a t  i n  a rousa l  of h ibe rna to r s  was 

shown by Smith and Hock i n  marmots (1963) and Smalley and Dryer i n  b a t s  

(1963). It appears ,  though, t h a t  the  a c t i v a t i o n  of brown f a t  t i s s u e  i s  

under nervous c o n t r o l  (Kauppinen, Bul lard and Smith, 1964),  and t h a t  t h e  

thermoregulatory c e n t e r s  of hypothalamus t r i g g e r  t h e  spontaneous a rousa l s .  

It i s  most l i k e l y  t h a t  some biochemical changes t a k e  p l a c e  i n  t h e  hypo- 

thalamus during h ibe rna t ion  and t h a t  t h e s e  changes would cause t h e  i n i t i a t i o n  

of a rousa l .  

A s  a rousa l  commences, t h e  t h o r a c i c  

Th i s  r e p o r t  desc r ibes  t h e  anatomy of t h e  b r a i n  of E. longimembris. 

The t a s k  was undertaken t o  provide o r i e n t a t i o n  i n  t h e  i n t e r n a l  s t r u c t u r e s  

of  t h e  b r a i n  and t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of s tudying  t h e  neu ro log ica l  

b a s i s  of e n t r y  i n t o  and a rousa l  from h ibe rna t ion  us ing  E .  lonpimembris 

a s  an experimental  animal. 

11. MATERIALS AND METHODS 

Four a d u l t  m i c e  of spec ie s  Peropnathus longimembris were l i g h t l y  

a n e s t h e t i z e d  wi th  e t h e r  and then  k i l l e d  by decap i t a t ion .  The b r a i n s  of t he  

animals  were e x t i r p a t e d ,  c u t  crosswise i n  two p a r t s  and placed i n  t o l u i d i n e  

b l u e  f i x a t i v e  and s t a i n  (Davenport, 1960). Af t e r  about one week's f i x a t i o n  

pe r iod ,  t h e  b r a i n s  were f rozen  and sec t ioned  i n  50 !.A t h i c k  s l i c e s .  From 

t h e  f o u r  sec t ioned  b r a i n s ,  t h e  b e s t  s l i d e s  were chosen t o  compose one 

r e p r e s e n t a t i v e  b r a i n  of  E. longimembris. From t h i s  r e p r e s e n t a t i v e  b r a i n ,  

photographs were taken from s e c t i o n s  a t  1 mm i n t e r v a l s .  

each s e c t i o n  i n  ques t ion  i s  marked a s  a v e r t i c a l  l i n e  i n  t h e  drawing of a 

medial  s a g i t t a l  s e c t i o n  of a b r a i n  ( f i g .  1). The s c a l e  o f  F igure  1 i s  15:1, 

and t h e  s c a l e  of t h e  c r o s s  s e c t i o n  photographs and l i n e  drawings ( f i g s .  2-8) 

i s  28:l. 

The l o c a t i o n  of 
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The small  s i z e  of  t h e  pocket mouse precluded t h e  u s e  of s tandard  

s t e r e o t a x i c  appara tus  t o  e s t a b l i s h  coord ina te s .  The anatomical  s t r u c t u r e s  

of  t h e  b r a i n  were i d e n t i f i e d ,  and t h e  nomenclature used is  t h a t  found i n  

Kdnig and Kl ippe l  (1963). 

111. RESULTS 

The r e s u l t s  a r e  presented  i n  t h e  fo l lowing  seven photographs and 

corresponding l i n e  drawings of  t h e  c r o s s  s e c t i o n s  of  t h e  b r a i n  of 

- P. longimembris ( f i g s  . 2-8). 
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LEGENDS TO THE FIGURES 

Figure  1. Drawing of a medial  s a g i t t a l  s e c t i o n  of t h e  b r a i n  of E .  longi -  

membris. Sca le  15 : l .  V e r t i c a l  l i n e s  1 - 7 mark t h e  corresponding c r o s s  

F igures  2a - 8a. Photographs of c r o s s  s e c t i o n s  of t h e  b r a i n  of E .  longi -  

membris. Sca le  2 8 : l .  

F igures  2b - 8b. Line drawings o f  c r o s s  s e c t i o n s  of t h e  b r a i n  of 

- P. longimembris. Sca le  2 8 : l .  
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IV. SUMMARY AND CONCLUSION 

The anatomy o f  the  brain o f  - P .  longimembris does not d i f f e r  markedly 

from that of the  a lb ino  r a t .  However, the  small s i z e  of the  animal and 

i t s  brain d i c t a t e s  the  need for  development o f  s p e c i a l  handling techniques 

and equipment i f  t h e  species i s  t o  b e  used f o r  neurophysiological research. 
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